Cellular force detection during migration with nucleic acid-based tension sensor by Zhao, Yuanchang
Graduate Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
2020 
Cellular force detection during migration with nucleic acid-based 
tension sensor 
Yuanchang Zhao 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/etd 
Recommended Citation 
Zhao, Yuanchang, "Cellular force detection during migration with nucleic acid-based tension sensor" 
(2020). Graduate Theses and Dissertations. 18434. 
https://lib.dr.iastate.edu/etd/18434 
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Graduate Theses and 
Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 
 
 
Cellular force detection during migration with nucleic acid-







A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of  




Program of Study Committee: 








The student author, whose presentation of the scholarship herein was approved by the program 
of study committee, is solely responsible for the content of this dissertation. The Graduate 
College will ensure this dissertation is globally accessible and will not permit alterations after a 












TABLE OF CONTENTS 
Page 
LIST OF FIGURES ....................................................................................................................... iv 
LIST OF TABLES ......................................................................................................................... vi 
ACKNOWLEDGMENTS ............................................................................................................ vii 
ABSTRACT ................................................................................................................................... ix 
CHAPTER 1. GENERAL INTRODUCTION ................................................................................1 
Cellular Force ............................................................................................................................ 1 
Cell Migration ............................................................................................................................ 8 
Work in this Dissertation ........................................................................................................... 9 
References ............................................................................................................................... 10 
CHAPTER 2. KERATOCYTES CONCENTRATE HIGH-LEVEL INTEGRIN TENSION TO 
PEEL OFF CELL REAR ADHESION SITES DURING RAPID CELL MIGRATION .............15 
Abstract .................................................................................................................................... 15 
Introduction ............................................................................................................................. 15 
Results ..................................................................................................................................... 17 
Discussion ................................................................................................................................ 28 
Experimental Procedures ......................................................................................................... 31 
References ............................................................................................................................... 35 
Supplementary Figures for Chapter 2 ...................................................................................... 39 
CHAPTER 3. PEPTIDE NUCLEIC ACID BASED TENSION SENSOR FOR CELLULAR 
FORCE IMAGING WITH STRONG DNASE RESISTANCE ....................................................45 
Abstract .................................................................................................................................... 45 
Introduction ............................................................................................................................. 45 
Materials and Methods ............................................................................................................ 48 
Results ..................................................................................................................................... 51 
Conclusion ............................................................................................................................... 61 
References ............................................................................................................................... 62 
CHAPTER 4. CELLULAR FORCE NANOSCOPY WITH 50 NM RESOLUTION BASED ON 
INTEGRIN MOLECULAR TENSION IMAGING AND LOCALIZATION ..............................66 
Abstract .................................................................................................................................... 66 
Introduction ............................................................................................................................. 66 
Results ..................................................................................................................................... 68 
Conclusion ............................................................................................................................... 76 
References ............................................................................................................................... 76 
Supplementary Information for Chapter 4 ............................................................................... 78 
iii 
 
CHAPTER 5. GENERAL CONCLUSION .................................................................................100 
References ............................................................................................................................. 102 
APPENDIX A. CELLULAR FORCE NANOOSCOPY CODING ............................................104 
Picture Assembly ................................................................................................................... 104 
Movie Assembly .................................................................................................................... 106 
APPENDIX B. AQUATIC SYSTEM MAINTANANCE...........................................................110 
Fish Feeding .......................................................................................................................... 110 
Tank Choice ........................................................................................................................... 110 
Water Quality Maintenance ................................................................................................... 111 





LIST OF FIGURES 
Page 
Figure 1.1 Schematics of F-actin treadmilling. .......................................................................... 2 
Figure 1.2 Schematics of myosin II sliding on F-actin ............................................................... 4 
Figure 1.3 Focal adhesion structure. ........................................................................................... 6 
Figure 1.4 Common tools for measuring cellular force. ............................................................ 7 
Figure 1.5 Cell migration steps. ................................................................................................... 9 
Figure 2.1 High-level integrin tension (HIT) is exclusively generated at cell rear 
margin in migrating keratocytes. .......................................................................... 18 
Figure 2.2 HIT occurs at the edge of focal adhesions (FA) coinciding with cell rear 
margin. ..................................................................................................................... 22 
Figure 2.3 Correlation between real-time HIT intensity and cell membrane retraction. .... 25 
Figure 2.4 ITS signal during acutely induced cell front retraction and biotin-
streptavidin bond mediated keratocyte migration, respectively. ....................... 26 
Figure 2.5 Calibration of quenching efficiency of Cy3-quencher pair in ITS. ...................... 39 
Figure 2.6 Enhancing integrin-ligand bond strength with 2 mM Mn2+ led to stronger 
ITS signal ................................................................................................................. 40 
Figure 2.7 Merged images of focal adhesions (FA), F-actin and ITS signal (Ttol = 54 
pN) in a CHO-K1 cell. ............................................................................................ 41 
Figure 2.8 Width calibration of real-time HIT region during acutely induced cell front 
retraction. ................................................................................................................ 42 
Figure 2.9 The treatment of 50nM latrunculin A impedes the migration of keartocytes 
and formation of HIT. ............................................................................................ 43 
Figure 2.10 HIT diminished in keratocytes treated with 50 µM blebbistatin that 
abolishes focal adhesion formation. ...................................................................... 44 
Figure 3.1 Membrane-bound DNase disrupts the performance of DNA-based tension 
sensor. ...................................................................................................................... 53 
v 
 
Figure 3.2 Testing the resistance of dsDNA, PNA/DNA, modified dsRNA and 
PNA/RNA to both soluble DNase and membrane-bound DNase. ...................... 55 
Figure 3.3 Evaluating cellular force mapping abilities of tension sensors with DNase-
free platelets ............................................................................................................ 57 
Figure 3.4 dsRNA ITS exhibits non-force signal in NIH 3T3 cells ......................................... 59 
Figure 3.5 Co-imaging of cellular force and cell structures with PNA/DNA ITS ................. 60 
Figure 4.1 Schematics of force-activatable emitters. ............................................................... 67 
Figure 4.2 Principle of CFN and calibration of force-activatable emitter. ............................ 69 
Figure 4.3 CFN imaging of integrin tensions under a lamellipodium in migrating 
keratocytes. .............................................................................................................. 72 
Figure 4.4 CFN images of force in focal adhesions under one HeLa cell. ............................. 73 
Figure 4.5 . Calibration of CFN Resolution. ............................................................................. 75 
Figure 4.6 Fluorescence intensity comparison between single PNA-Cy5s (no quencher) 
and DNA-Cy5s (no quencher) under identical imaging setting ......................... 89 
Figure 4.7 Surface density calibration of force-activatable emitters. .................................... 90 
Figure 4.8 Schematics of reconstructing CFN images. ............................................................ 92 
Figure 4.9 Quenching Efficiency calibration. ........................................................................... 93 
Figure 4.10 Photobleaching lifetimes of Cy5 and Cy5 near BHQ2 (in a force-activtable 
emitter). ................................................................................................................... 94 
Figure 4.11 Bleaching curves of fluorescent spots. .................................................................. 95 
Figure 4.12 Keratocytes migrating on emitter surfaces without (upper) and with RGD 
(lower) conjugated on the emitter. ........................................................................ 96 
Figure 4.13 Comparison between ensemble force imaging and CFN imaging. .................... 97 
Figure 4.14 Localization of one fluorescent dot for consecutively 20 frames. ....................... 98 
Figure 4.15 Evaluating false force signals due to emitter spontaneous dissociation. ........... 99 
vi 
 
LIST OF TABLES 
Page 
Table 3.1 Nucleic acids for the synthesis of RGD-null ITS that reports their DNA 
resistance to DNases. (sequences are from 5` end to 3` end) .............................. 48 
Table 3.2 Nucleic acids for the synthesis of ITS reporting cellular forces. (sequences 







First of all, I would like to thank my major professor and academic mentor, Prof. 
Xuefeng Wang, who ushered me to a beautiful and interesting field, taught me lab skills and 
inspired me with scientific thoughts without any reservation. Whenever I have an idea or an 
experimental result, the door of his office is always open to me. He also gave me suggestion 
regarding not only our projects, but also daily life, which turned out to be very helpful. Without 
his help I could not manage the research on biophysics and finish my Ph.D. program.  
I would also like to thank my committee members, Prof. James Evans, Prof. Charles 
Kerton, Prof. Alejandro Travesset and Prof. Long Que, for their professional guidance and 
support throughout the course of this research.  
In addition, I thank my lab mates: Dr. Yongliang Wang, Dr. Ying Tu, Dr. Kaushik Pal 
and Dr. Anwesha Sarkar who gave me help in and out of the lab. I also appreciate the 
collaboration with Renyuan Yang. 
Furthermore, I offer my appreciation to my friends in Iowa State University: Mingyu Xu, 
Li Cheng, Meijian Li, Shang Ren, Xun Zha, Anji Yu, Shuo Tang, Zhaoyu Liu, Liang Luo, Di 
Cheng, Chen Liu, Yang Sun, Yun Wu, Feng Zhang, Lin Yang, Boqun Song, Weijie Du, Yihua 
Qiang, Tai Kong, Boping Chen, William Heidorn, Minghui Zhao, Yunxiao Zhai and Hai Jiang. It 
is great pleasure to know them and work with them. 
Moreover, I would also like to thank the department faculties and staffs, especially Prof. 
Kai-ming Ho and Dr. Caizhuang Wang, for making my time at Iowa State University a 
wonderful experience.  
viii 
 
Last but not the least, I want thank my family: my parents, who gave me life and raised 
me, my sister, who grew up with me, as well as my girlfriend Siyuan Lu, who gives me love and 




Cell migration is a fundamental cellular function for many physiological processes and 
normal animal development. In order to migrate, cells produce forces to interact with extra 
cellular environments, mostly via integrin, a family of transmembrane proteins. The distribution 
and dynamics of integrins at different parts of cells should be well tuned for directional and 
coordinated migration.  
In order to detect cellular force distribution, researchers have developed different tools 
for cellular force detection. One of them is DNA-based tension sensor. This type of sensors have 
the advantage of high spatial resolution at optical limits, high temporal sensitivity at submicron 
and simplicity for usage. However, DNA-based tension sensors suffer from the susceptibility of 
DNase and their conventional spatial resolution is limited to optical limits.  
In this dissertation, I will introduce 3 projects during my Ph.D. period. Firstly, we used 
integrative tension sensor (ITS) to detect the cellular force distribution of fast migratory fish 
keratocytes and found the cellular force is utilized for adhesion rear deadhesion. Then, we 
designed and developed DNase-resistant tension sensor that is both resistant to DNase and 
capable of reporting cellular force. Lastly, we created cellular force nanoscopy that images 
cellular force with 50nm resolution.
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CHAPTER 1.    GENERAL INTRODUCTION 
As animals, human beings can type on the smartphone, deer can run, birds can sing and 
fish can swim. All of these behaviors rely on muscles. The contraction and relaxation of 
muscular cells collectively exert force on some parts of the animal body, which is a direct 
evidence that cells are able to produce cellular force and apply it to other cells or extracellular 
environments. Not only muscular cells, all animal cells have some forms of mechanical 
interaction with the environment1: epithelial cells seal together to prevent leakage2, 3, white blood 
cells crawl to chase pathogens4, 5, sperms rotate their flagella to swim to the egg6, 7. Physical 
interaction is both a stimulus for normal cellular functions8-10 and a tool for cells to detect their 
environments11, 12. Researchers have developed various tools to detect and control cellular 
forces13. They made great achievements in understanding the mechanisms and functions of 
cellular forces, but there are still questions remaining. 
Cellular Force 
In early 1980s, non-muscle cells were found to deform soft substrates physically, which 
was the first evidence that non-muscles cells are capable to produce physical forces14, 15. Over 
the past 4 decades, it has been shown that almost all eukaryotic cells can produce some forms of 
forces1. The significant functions of cellular forces are gradually recognized. Limb movement, 
heart beat and stomach contraction rely on the force from myofibrils in muscle cells1. Mitosis, 
the process of soma cell division, requires spindle fibers to precisely separate chromosomes 
equally into two daughter cells1. Leukocyte’ phagocytosis on bacteria is facilitated by actin 
filament and membrane around the bacteria 16, 17. Various cell functions are dependent on cellular 




Cytoskeleton functions like the ‘muscle’ and ‘skeleton’ of a cell. This system is 
composed of three types of filaments: actin, microtubule and intermediate filaments1, 18. 
Actin 
Actin filaments are helical polymers of the actin monomers (G-actin), which are 375-
amino-acid polypeptides1, 19. The globular monomer is each 42kDa with diameter 4-7nm. When 
assembling into actin filament, it has the helical repeat of 37nm. The two ends of the filament 
appear different: a barbed (+) end and a pointed (-) end. 
  
Figure 1.1 Schematics of F-actin treadmilling. 
The assembly of actin filament starts with actin nucleation and continues with actin 
polymerization1, 20. During nucleation, actin monomers form actin filaments and then elongate 
with polymerization. Free actin monomers with ATP tend to bind to barbed end and then the 
ATP on actin monomer slowly hydrolyses, making the monomers at pointed end mostly with 
ADP and barbed end with ATP. An actin depolymerization factor (ADF), cofilin, preferably 
binds to ADP-associated monomers and facilitates the disassembly of pointed end. Thus, while 
the barbed end grows, the pointed end continuously disassembles, making the actin filament 
3 
 
unidirectionally ‘treadmill’ (Fig. 1.1). The directionality of actin treadmilling is the foundation of 
the unidirectional migration of the cells. 
Actin filaments can form contractile structures with a motor protein family called 
myosin1, 21, 22. The most common myosin molecule is myosin II, which is responsible for muscle 
contraction in most animal muscle cells. Myosin II has two heavy chains with a globular head on 
each chain, two essential light chains and two regulatory light chains. Myosin makes use of 
energy from ATP to slide on actin filaments and generate force (Fig. 1.2):  
1、A myosin molecule on F-actin binds to ATP. 
2、The binding of ATP causes the release of myosin head from actin filament and the 
slight conformational change of lever arm on myosin.  
3、A 5 nanometer (nm) displacement of myosin head is triggered while hydrolysis of 
ATP occurs.  
4、Myosin head binds weakly with actin filament.  
5、The release of phosphate reinforces the binding between actin filament and myosin 
head. Power stroke, the major step for myosin to generate force, is triggered and 
causes the myosin head mostly recover to its original status. 
6、ADP is released form myosin and the conformation of myosin returns to its original 




Figure 1.2 Schematics of myosin II sliding on F-actin 
Myosin II sliding on F-actin is facilitated by the energy from ATP hydrolysis. Adapted 
from Ref23, under license CC BY 4.0. 
Myosin II can cluster together and bind to antiparallel actin filament to form contractile 
structures: myofibrils in muscle cells and stress fibers in non-muscle cells. 
Microtubule and intermediate filaments 
Another major member of cytoskeleton is microtubule, which plays essential part in 
intracellular transportation and cell division. Its elements are tubulin dimers composed of α-
tublin and ß-tubulin1, 24-26. Microtubule is helical hollow tube with 13 tubulins per turn. It is 
much stiffer than actin filaments, with millimeters persistence length. The tubulin dimers are 
polarized in microtubule, with ß-tubulin pointing to the plus (+) end. 
There are two types of motor proteins on microtubules: kinesins and dyneins1, 27, 28. Most 
kinesins move towards + end of microtubule while most dyneins move towards – end. Kinesins 
and dyneins are important carriers in intracellular trafficking, transporting ‘cargoes’ to 
destination areas. For example, neural transmitters are transported from cell body to presynaptic 
nerve terminals by kinesins through microtubule and neural-nuclear signaling proteins are 
transported away by dyneins. Microtubule and its motor proteins also facilitate other essential 
functions such as cell mitosis and cell ‘swimming’ by flagella or cilia.   
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Intermediate filaments, which sustain stress for cells, are composed of coiled-coil dimer 
filaments of proteins that sustain stress1, 29, 30. It is a highly diverse protein family, with 70 genes 
in human beings, each with distinct and cell-specific functions. They range from keratin on hair 
and neurofilament proteins in neurons, to nuclear lamins on nuclear lamina and desmin in muscle 
cells. 
Since actin-based cytoskeleton are the main structure transmitting cellular force for 
migration, we will discuss actin with more details in the dissertation.  
Focal adhesion 
Actin filaments and microtubules are intracellular proteins. Transmembrane adhesion 
structure called focal adhesion (FA) is needed to transmit the force in- and outward in order for 
cells to physically interact with ECM31, 32.  
FAs are made from two types of proteins (Fig. 1.3): the transmembrane integrins and 
intracellular adaptor proteins33. Activated integrins are capable of binding to extracellular ligands 
such as collagen and fibronectin. Adaptor proteins, talin and vinculin for example, link the 
intracellular end of integrin to one end of actin filament. Matured FAs have large adhesion 
strength and can transmit contraction force from stress fibers to extracellular ligands. 
FAs are highly dynamic structures that experience initiation, maturation and 
disassembly34. Small integrin clusters gather and adhere to substrate at cell front, forming small 
adhesion structure called nascent adhesion35, 36. The formation of nascent adhesion is dependent 
on actin polymerization. After nascent adhesions fall behind front edge, most nascent adhesions 
disassemble before maturation while a few of them mature into large focal adhesions at a myosin 
contraction dependent way37. The matured focal adhesion finally disassembles, potentially being 




Figure 1.3 Focal adhesion structure.  
Focal adhesion is composed transmembrane integrins and various ligand proteins that 
link integrin to F-actin. Adapted from Ref33, with permission from Springer Nature. 
Cellular force detection 
Researchers have developed a variety of tools to detect cellular forces13 (Fig. 1.4). Simple 
methods are to directly measure the bulk force exerted by cells. Optical trap was used to process 
the direct measurement of protrusive force in lamellipodia39. Atomic Force Microcopy (AFM) 
was also used for cellular force measurement40, 41. This kind of tools can measure the amplitude 
of the cellular force but they cannot obtain spatial distribution of the cellular force. In other 
words, they are not suitable for cellular force imaging. 
Another type of cellular force technique relies on the deformation of soft substrate13. In 
traction force microscopy (TFM)42, 43, cells are plated on silicone or polyacrylamide substrate 
mixed with fluorescent beads serving as markers. When the cells produce force on the substrate, 
beads will be displaced and the cellular force will be calculated based on the displacement of 
beads and the elastic properties of the substrates. Micropillar has similar mechanism44, 45, cells 
are plated onto soft vertical rods with micron size. Cellular force can bend the rods and thus 
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being measured and calculated. These methods have the advantage to measure cellular force 
throughout the contact area but the analysis needs complex equations and calculations with 
computer. 
The third type is dependent on the mechanical properties of nucleic acids and proteins to 
transform cellular force to fluorescent signal. It includes protein-based tension sensor46, 
extracellular reversible DNA-based tension sensor47, 48 and irreversible DNA-based tension 
sensor49, 50. These tools have high force sensitivity, high spatial and temporal resolutions with 
high throughput. 
 
Figure 1.4 Common tools for measuring cellular force.  




Cell migration is a process for cells to move themselves while staying attachment on the 
surface. Almost all animal cells are capable to migrate and cell migration is essential for 
animals51, 52. Tissue development during fetal period requires the migration of stem cells to their 
destination, such as the collective migration of epithelial cells to form neural tubes53, 54. 
Macrophages and neutrophils migrate on vascular walls to search for pathogens4, 5. Fibroblast 
migrates towards wounding area for tissue recovery55. 
Cell migration is initiated with the front protrusion of actin-based structure at the leading 
edge, including lamellipodia56, 57 and filopodia58, 59. Then nascent adhesions form under the very 
leading edge, serving as the supporting spot for further protrusion35, 36. Next the whole cell body 
moves forward60. Finally, rear adhesion disassembles61. These processes usually take place 
spontaneously to facilitate smooth migration (Fig. 1.5).  
Specific structures are usually formed for migration, the most common ones are 
lamellipodia and filopodia. Lamellipodia are thin sheet-like structures formed at the leading edge 
of the cells, composed of branching F-actin network between membrane1, 63, 64. The branching F-
actin network continuously polymerizes against leading edge and gradually disassembly after 
lagging behind the edge, facilitating the front protrusion of cell membrane and turnover of F-
actin. Filopodia are thin membrane protrusions with 10-30 of parallel F-actin bundles facilitated 
by formin proteins62, 65. They are usually below 500 nm in diameters. Various types of migrating 
cells use filopodia to probe their extracellular environments. 
Cellular forces are usually produced to facilitate cell migration. F-actin polymerization at 
the leading edge of the cells exerts force on membrane, causing the protrusion of cell front39. 
Stress fiber retraction37, 66 is needed for cell body translocation, FA growth and rear deadhesion. 




Figure 1.5 Cell migration steps.  
a. front protrusion; b. front adhesion formation; c. cell body translocation; d. rear de-
adhesion. Adapted from Ref62, with permission from Springer Nature. 
Work in this Dissertation 
In this dissertation, I will introduce my Ph.D. research work in the last four years. We 
firstly used integrative tension sensor (ITS) to detect the high integrin tension produced by fast 
migrating fish keratocytes67. The high integrin tension solely concentrates at the rear margin. Its 
magnitude is greater than 50 pN but less than 100 pN. We explained that the high tension is 
utilized by keratocytes for rear integrin deadhesion.  
Then we created DNase-resistant tension sensor to overcome the susceptibility of DNA to 
DNase, the enzymatic protein capable of degrading DNA 68. Some cells can secret DNases to the 
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ECM and other cells have membrane-tethered DNase. These DNases may cleave the double 
strand DNA backbone of the ITS, lower signal-to-noise ratio (SNR) or even produce false signal 
in cellular force imaging. We tested three DNase-resistant tension sensor candidates: double 
strand RNA, RNA/PNA hybrid double strand and PNA/DNA hybrid double strand. We found 
that PNA/DNA hybrid double strand has the best performance under both dissolved DNase and 
membrane-tethered DNase and it retains the force-reporting capability with high SNR. 
Finally, we designed cellular force nanoscopy with force activatable emitters69. Over the 
past few decades, super resolution microscopies on cellular structures are well developed. 
However, the resolution of cellular force detection is still limited by diffraction limit. Bayesian 
analysis has been used to analyze cellular force distribution under FAs. But it suffers from high 
computational power cost and false signal. We assembled force-activatable emitters that can be 
activated to fluoresce by cellular force and bleached by laser power. By this way, the density of 
fluorescent dots can be controlled and recorded at the single molecule level. With super 
resolution analysis, we have cellular force nanoscopy that images cellular force with 50nm 
resolution. 
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Abstract 
Rapid cell migration requires efficient rear de-adhesion. It remains undetermined whether 
cells mechanically detach or biochemically disassemble integrin-mediated rear adhesion sites in 
highly motile cells such as keratocytes. Using molecular tension sensor, we calibrated and 
mapped integrin tension in migrating keratocytes. Our experiments revealed that high-level 
integrin tension, abbreviated as HIT, in the range of 50-100 pN (piconewton) and capable of 
rupturing integrin-ligand bonds, is exclusively and narrowly generated at cell rear margin during 
cell migration. Co-imaging of HIT and focal adhesions (FA) shows that HIT is produced to 
mechanically peel off FAs that lag behind, and HIT intensity is correlated with local cell 
retraction rate. High-level molecular tension was also consistently generated at cell margin 
during artificially induced cell front retraction, and during keratocyte migration mediated by 
biotin-streptavidin bonds. Collectively, these experiments provide direct evidence showing that 
migrating keratocytes concentrate force at cell rear margin to mediate rear de-adhesion. 
Introduction 
Eukaryotic cell migration is crucially important for immunity (Luster et al., 2005), 
development (Weijer, 2009), wound healing (Poujade et al., 2007) and many other physiological 
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processes (Lamalice et al., 2007; Yilmaz and Christofori, 2010). Cellular force plays a pivotal 
role to drive and regulate cell migration (Huttenlocher and Horwitz, 2011; Sheetz et al., 1998) 
which is typically orchestrated by two critical motion modules: cell protrusion in the leading 
edge and de-adhesion in the trailing edge (Gardel et al., 2010; Pollard and Borisy, 2003). The 
cellular force mediating cell protrusion has been well studied and understood. Actin network 
polymerizes in the cell leading edge and pushes cell membrane forward, thus advancing the cell 
front edge (Le Clainche and Carlier, 2008; Theriot and Mitchison, 1991). In contrast, how cells 
detach the rear adhesion sites in the trailing edge is not fully understood. During cell migration, 
the adhering integrins in cell rear region need be efficiently detached from the surface ligands to 
facilitate cell migration. Previously it was suggested that cells may biochemically regulate 
integrin de-adhesion in less motile cells (Franco and Huttenlocher, 2005). For example, protein 
calpain has been shown to mediate the release of cell-substrate adhesion during fibroblast 
migration (Palecek et al., 1998; Undyala et al., 2008). However, biochemical regulation of cell 
de-adhesion may not be efficient in highly motile cells such as keratocytes which are capable of 
migrating at a rate higher than 10 µm/min (Maiuri et al., 2012). A plausible mechanism of cell 
rear de-adhesion with higher efficiency could be mechanical dissociation of integrin-ligand 
bonds by cellular force at the cell rear, as mechanical signals propagate faster than biochemical 
signals in cells (Houk et al., 2012). In this mechanism, cells may produce high integrin tension at 
the level of integrin-ligand bond strength at the cell trailing edge to mechanically break integrin-
ligand bonds, and facilitate cell rear de-adhesion and migration. Therefore, measuring and 
mapping integrin tension in migrating cells would yield important insights to the mechanism of 
cell migration. However, prior to this work, no experiments have calibrated or mapped integrin 
tension in fast migrating cells. 
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Here we applied integrative tension sensor (ITS) to calibrate and map integrin tension in 
migrating cells with submicron resolution and high sensitivity. ITS was previously developed to 
map integrin tension in platelets (Wang et al., 2017). By converting integrin tension above a 
designed threshold to fluorescent signal, ITS enables integrin tension mapping directly by 
fluorescence imaging. Using ITS, here we calibrated and mapped integrin tension in fish 
epidermal keratocytes which are classic cell models for the study of rapid cell migration in a 
crawling mode. Our experiments revealed that migrating keratocytes generate integrin tension in 
a range of 50-100 pN exclusively at the cell rear margin to rupture the local integrin-ligand 
bonds, peel off focal adhesions and mediate cell de-adhesion.  
Results 
Mapping integrin tension in migrating keratocytes using molecular tension sensor 
Using integrative tension sensor (ITS), we mapped integrin molecular tension in 
migrating keratocytes. ITS was previously developed in our lab to study platelet force during 
adhesion and contraction (Wang and Ha, 2013; Wang et al., 2017). ITS converts molecular 
tension signal to fluorescence on site, thus enabling integrin tension mapping directly by 
fluorescence imaging. Briefly, as shown in Figure 2.1 A, ITS is a 18 base-paired (bp) double-
stranded DNA (dsDNA) decorated with a fluorophore Cy3, a quencher (BHQ2, black hole 
quencher), a biotin tag and an integrin peptide ligand RGD (Arginine-glycine-aspartic acid) 
which targets a broad range of integrins such as integrin αVβ3, αIIbβ3 and α5β1 (Mondal et al., 
2013). The BHQ2 quencher efficiently suppresses fluorescence of the Cy3 with 96.6% 
quenching efficiency (Figure 2.5), close to 98% contact quenching (Crisalli and Kool, 2011). On 
a surface grafted with ITS, integrin of adherent cells binds to the integrin ligand and transmits a 
tension to the dsDNA through the integrin-ligand bond. If the tension is higher than the tension 
tolerance of the dsDNA (Ttol, critical force required for dsDNA dissociation with force 
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application time in seconds, tunable in the range of 12-54 pN) (Wang and Ha, 2013), the dsDNA 
will be dissociated and the Cy3 will be freed from quenching, thus converting tension signal to 
fluorescent signal in situ (Wang et al., 2017). ITS activation is irreversible and therefore records 
all dsDNA-dissociating integrin tensions on the surface. This signal accumulation process greatly 
enhances the sensitivity for integrin tension mapping. This is particularly important for the study 
of migrating cells in which cellular force is transient and constantly changing. 
 
Figure 2.1 High-level integrin tension (HIT) is exclusively generated at cell rear margin 
in migrating keratocytes. 
A. Schematics of integrative tension sensor (ITS). ITS is a surface-immobilized 18 bp dsDNA 
labeled by an integrin ligand and a fluorophore-quencher pair. ITS permanently turns to 
fluoresce if the tension transmitted by integrin-ligand bond ruptures the dsDNA which has a 
tension tolerance (Ttol) of 54 pN. B. Integrin tension (>54 pN) of a migrating keratocyte was 
mapped on the ITS surface by fluorescence imaging. C. Keratocytes produced no signal on 
the ligand-null ITS surface. D. Keratocytes produced no fluorescence loss on the quencher-
null ITS with Ttol determined by biotin-streptavidin bond strength (The ligand and the biotin 
are conjugated to the same strand). E. Integrin tension (>54 pN) of a stationary CHO-K1 cell 
was mapped on the ITS surface. F. Linear profile analysis of the image brightness in the 
regions marked by yellow dash lines in B. The sharp brightness increases in phase contrast 
(PH) and Cy3 (ITS) channels mark cell margin and the active site of integrin tension 
generation. Brightness is calculated as the fluorescent intensity over background, and is 
averaged over the lines parallel to the shorter side of the yellow rectangle. G. Cell margin and 
ITS border represented by the peaks of derivative curves of linear profiles in F. The peak 
locations are marked by red dash lines.  
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In this paper, we studied integrin tension at a high level in keratocytes using ITS at 
Ttol=54 pN which is the critical force to rupture 18 bp dsDNA in a shear geometry with a force 
dwell time of two seconds (Hatch et al., 2008). ITS is immobilized on a glass surface by biotin-
streptavidin interaction. The dsDNA in the ITS has undetectable spontaneous dissociation in the 
time span of the experiments (1-2 hours) at room temperature (25oC), suggesting that the ITS is 
thermally stable. The surface coating is also doped with fibronectin to assist cell adhesion and 
minimize the influence of ITS rupture to cell normal migration, such as the depletion of integrin 
tension higher than 54pN and RGD binding to integrin after ITS rupture. Keratocytes were 
plated on the ITS surface. At room temperature, most keratocytes polarized and migrated 
normally in about 15 min. Strong fluorescence signal was produced by migrating keratocytes on 
the ITS surface (Figure 2.1 B). Hence integrin tension stronger than 54 pN in keratocytes was 
directly mapped by fluorescence imaging. To confirm that the fluorescence signal was indeed 
activated by integrin tension, we plated keratocytes on a surface coated with ligand-null ITS 
which has no integrin ligand. Migrating keratocytes produced no fluorescence signal on the 
ligand-null ITS surface (Figure 2.1 C), confirming that the fluorescence on the regular ITS 
surface was activated by integrin tension. To determine upper limit of integrin tension in 
keratocytes, we prepared another construct of ITS in which integrin ligand and biotin are 
conjugated to the same single-stranded DNA (ssDNA) at two ends (Figure 2.1 D). The Ttol of this 
ITS construct is determined by biotin-streptavidin bond strength which was calibrated to be 
around 100 pN with force dwell time of seconds (Pincet and Husson, 2005). The complementary 
ssDNA is conjugated with Cy3 dye. Integrin tension capable of rupturing biotin-streptavidin 
bonds would remove Cy3 dyes from the surface and cause local fluorescence loss. However, 
keratocytes left no detectable fluorescence signal on the biotin-streptavidin based ITS surface, 
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indicating that integrin tension generated by migrating keratocytes is generally lower than the 
bond strength of biotin-streptavidin. 
Integrin tension is exclusively and narrowly generated at cell rear margin in migrating cells  
Using ITS with Ttol = 54 pN, we mapped the high-level integrin tension (HIT) in 
migrating keratocytes. The most striking feature of HIT map in migrating keratocytes is that the 
HIT is exclusively and narrowly generated at the cell rear margin (Figure 2.1 B). The cell rear 
margin shown by phase-contrast (PH) imaging consistently overlaps with the border of HIT 
regions during the entire process of keratocyte migration. On the contrary, in stationary CHO-K1 
cells, HIT is globally generated underneath the cell bodies without being restricted to the cell 
margin (Figure 2.1 E). Line profile analysis over the region marked by yellow lines in Figure 2.1 
B were calculated and plotted in Figure 2.1 F. The cell margin and the border of HIT map 
reported by the sharp brightness increases in the two curves clearly overlap with each other. To 
better confirm their co-localization, we computed the derivatives of the two curves in Figure 2.1 
F and plotted them in Figure 2.1 G. The peaks of derivative curves marking the cell margin and 
the border of activated ITS regions, respectively, is co-localized with each other with a precision 
of 0.5 µm. This narrow co-localization verifies that HIT is generated at the cell rear margin 
within a submicron margin width, suggesting that HIT is highly concentrated at the cell trailing 
edge. 
HIT is in range of 50-100 pN  
The critical forces to rupture a dsDNA and a biotin-streptavidin bond are both dependent 
of the force dwell time. In order to use the Ttol value of ITS to evaluate integrin tension, the dwell 
time of integrin tension must be in the same range of ITS calibration time. Based on the narrow 
sites for HIT generation, we estimated the dwell time of HIT at keratocyte rear margin. Because 
the cell migration rate is 10-20 µm/min and the width of HIT generation is around 1 µm (the 
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width of the slope of ITS curve in Figure 2.1 F). The cell edge should sweep through the HIT 
region in less than 10 s. Therefore the dwell time of integrin tension at cell rear margin should be 
in the range of seconds, matching the force dwell time ranges used for the Ttol calibrations of 
dsDNA (Hatch et al., 2008) in the 54 pN ITS and biotin-streptavidin bond (Pincet and Husson, 
2005) in the 100 pN ITS. Therefore it is valid to use these Ttol values to evaluate the integrin 
tension range in keratocytes. We conclude that HIT is in the range of 50-100 pN during 
keratocyte migration. 
HIT is capable of rupturing integrin-ligand bonds 
Keratocytes produce integrin tension that readily ruptures 18 bp dsDNA. We reasoned 
that such tension is produced to break integrin-ligand bonds at the cell trailing edge to facilitate 
cell rear de-adhesion. This is supported by two lines of evidence. First, integrin-ligand bond 
strength was calibrated to be in the range of 30-40 pN with force application time of seconds in a 
previous study (Kong et al., 2009). The bond strength is at a level comparable to the 54 pN Ttol of 
ITS. Therefore the HIT reported by ITS should be capable of rupturing integrin-ligand bond with 
a high probability. Second, we enhanced integrin-ligand bond strength by adding 2 mM Mn2+ 
(Kong et al., 2009) in the medium (Figure 2.6 A), and the ITS signal was immediately increased 
by 2.5 fold in a migrating keratocyte (Figure 2.6 B-C), suggesting that considerable amount of 
integrin-ligand bonds were ruptured in company with ITS activation under normal physiological 
condition if without the addition of Mn2+. Therefore, we inferred that keratocytes generate 
integrin tension at the level of integrin-ligand bond strength during migration, and the 54 pN ITS 
signal reports the location where integrin-ligand bonds are mechanically dissociated by cells. 
“High-level integrin tension” (HIT) in the following context specifically refers to the tension 





Figure 2.2 HIT occurs at the edge of focal adhesions (FA) coinciding with cell rear 
margin. 
Co-imaging of HIT map, phase contrast (PH) and FAs immunostained with vinculin antibody. 
B. Line profiles of HIT, FA and phase contrast imaging in the rectangular region marked by 
the yellow dashed line in A, showing that HIT map, FAs and the cell margin share a thin 
border, and only integrins at the edges of FAs coinciding with membrane margin transmit 
HIT. Brightness is calculated as the fluorescent intensity over background, and is averaged 
over the lines parallel to the shorter side of the yellow rectangle. C. Co-imaging of HIT and 
cellular structures including FAs, F-actin and cell membrane in a CHO-K1 cell. HIT was 
produced in most FAs underneath cells. D. Co-imaging of HIT and cell structures in a 
keratocyte. HIT was exclusively produced at the cell rear margin.  
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HIT peels off focal adhesions lagging behind at the cell rear margin 
ITS enables the simultaneous imaging of cellular force and cellular structure at 
submicron resolution. Because integrin clusters called focal adhesions (FA) are the main 
adhesion complexes mediating cell adhesion (Carragher and Frame, 2004), we speculate that 
HIT may be generated at cell rear margin to mechanically detach FAs during cell migration. 
Here we analyzed the co-localization of HIT and FAs in keratocytes by fixing keratocytes on an 
ITS surface and immunostaining vinculin which marks FAs. Imaging shows that HIT regions 
indeed share borders with the two large FAs at the two rear flank sites of a keratocyte (Figure 2.2 
A). However, despite the large area of the two FAs, only the edges of the FAs coinciding with 
the cell margin transmit HIT, as shown by the margin analysis of FA, phase contrast and ITS 
images in Figure 2.2 B. This result suggests that keratocytes generate HIT on integrin-ligand 
bonds at the edge of FAs and peel FAs off from the surface to facilitate cell retraction and 
migration. 
Next we examined the co-localization of actomyosin and HIT. Actomyosin is the protein 
complex of myosin II and F-actin which is important force source for cell contractility (Murrell 
et al., 2015) and fibroblast motility (Even-Ram et al., 2007). Previous studies show that 
actomyosin produces integrin tensions in FAs in cells with low motility such as HCC 1143 cells 
(Jurchenko et al., 2014) and CHO-K1 cells (Wang et al., 2015). Actomyosin is visible by F-actin 
staining and usually identified as stress fibers in cells. As a control experiment, we co-imaged 
FAs, stress fibers and HIT in stationary CHO-K1 cells. The HIT signals are broadly distributed 
underneath CHO-K1 cell body, not limited to the cell membrane margin (Figure 2.2 C). The 
merged images of FA, stress fibers and ITS signals in Figure 2.2 C and Figure 2.7 show that each 
FA is linked to a stress fiber and activates ITS signals under the cell body, suggesting that stress 
fibers likely generate traction forces on FAs and produce HIT in FAs in CHO-K1 cells, 
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consistent with previous study showing that actomyosin is the force source of HIT in less motile 
cells (Wang et al., 2015). However, in migrating keratocytes, despite that numerous FAs and 
stress fibers form in the cell (Figure 2.2 D), none of focal adhesions underneath the cell body 
generated HIT. The stress fibers have no spatial connection with HIT signals either. HIT is 
exclusively located on the cell rear margin at the cell trailing edge, suggesting that actomyosin 
does not correlate with the generation of HIT in migrating keratocytes. 
HIT signal intensity correlates locally with cell rear retraction 
To investigate the role of HIT in cell migration, we studied the correlation between real-
time HIT signal and membrane rear retraction. Real-time HIT was acquired by subtracting the 
previous frame from a current frame of an ITS video. This frame subtraction method obtains HIT 
produced in the latest frame interval, and can be approximately treated as real-time HIT signal. 
Figure 2.3 A shows time-series images of real-time HIT map by frame subtraction method 
(frame interval: 20s). The real-time integrin tension activity are compared to cell membrane 
retraction intensity (defined as the square of local membrane retraction distance at integrin 
tension regions) during that frame interval. Membrane retraction is illustrated in the second 
column of Figure 2.3A in which cell contours at the current frame (green) and the previous frame 
(magenta) were drawn to show the movement of keratocytes. The real-time HIT regions are well 
sandwiched between the two cell contours at the cell rear. Real-time HIT signal intensity 
correlates with local membrane retraction intensity with a correlation coefficient of 0.87 (Figure 
2.3B), suggesting that HIT is likely generated to assist cell rear de-adhesion and retraction. 
Interestingly, real-time HIT intensity per frame has a large variation and exhibits a period of 
about 2 min in the cell (Figure 2.3C), reminiscent to the periodic stretching of keratocyte 




Figure 2.3 Correlation between real-time HIT intensity and cell membrane retraction. 
A. Time-lapse ITS imaging (Ttol = 54 pN). The second column shows the cell membrane 
contours in two consecutive imaging frames with a frame interval of 20 s. Green contour is 
for the cell in current frame and magenta contour is for the cell in the previous frame. Real-
time HIT marked by ITS signal gain (green) was acquired by subtracting the previous frame 
from a current frame of ITS imaging. Real-time HIT represent the integrin tension signals 
produced in the latest 20 s. B. A scatter plot of the local real-time HIT intensity and the 
corresponding membrane retraction intensity (defined as the square of local membrane 
retraction distance at the ITS signal region). Brightness is calculated as the sum of newly 




Figure 2.4 ITS signal during acutely induced cell front retraction and biotin-streptavidin 
bond mediated keratocyte migration, respectively. 
A. Time-series of HIT maps in keratocytes after a treatment with hypertonic medium (cell 
culture medium spiked with 150 mM sucrose). HIT signal is colored in green and real-time 
HIT (HIT gained in the latest 10 s) is colored in red. Hypertonic medium was added at t=0 s. 
The induced local cell membrane retraction sites are marked by orange arrows. B. Zoom-in 
images of HIT map and the cell membrane. The width of real-time HIT region is 0.45 µm. C. 
Cell membrane proteins of keratocytes were biotinylated. Keratocytes adhered and migrated 
by biotin-streptavidin interaction instead of integrin-ligand binding. Molecular tension 
transmitted by biotin-streptavidin bonds during keratocyte migration was recorded by 
modified ITS that is conjugated to bovine serum albumin and immobilized on the surface by 
physical adsorption. D. Time-lapse images of a keratocyte that migrated via biotin-
streptavidin bonds. ITS signal was consistently generated at cell rear margin during this 
integrin-independent cell migration. E. Co-localization analysis of cell margin and tension 
map indicates that tension transmitted by biotin-streptavidin bond was still generated at cell 
rear margin in the integrin-independent migration. The line profile of map was analyzed on 
the region marked by the yellow rectangle in B. Line profile was obtained by averaging the 
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rows of the rectangular region. Brightness is calculated as the fluorescent intensity over 
background, and is averaged over the lines parallel to the shorter side of the rectangle area.  
HIT was consistently generated at the cell margin during acutely induced membrane 
retraction.  
During normal keratocyte migration, HIT is generated to peel off rear FAs and facilitate 
cell retraction. To verify that HIT is consistently required to mediate cell de-adhesion and 
retraction, here we induced cell retraction at other regions including the cell front using 
hypertonic medium that acutely reduces cell volume and causes cellular shrinkage (Weyand et 
al., 1998). In experiments, cell culture medium spiked with 150 mM sucrose was added to 
migrating keratocytes on a 54 pN ITS surface. Imaging was performed on cells in next 5 minutes 
immediately after the medium exchange. The HIT map is displayed in green and the real-time 
HIT gained in the latest frame interval (10 s) is in red in Figure 2.4A-B. Within 1 min after 
medium exchange, irregular cell membrane retraction started to occur in all cell peripheral 
regions including the lateral sides and the cell front edge (shown by orange arrows in Figure 
2.4A). During the induced cell retraction, HIT signal was consistently and narrowly produced at 
the cell margin at all retraction sites including cell front retraction. The real-time HIT signal 
during the induced cell retraction is typically located at the cell margin with a width less than 0.5 
µm (Figure 2.8 ), being consistent with the fact that HIT is narrowly generated at retracting cell 
margin in normal keratocyte migration.  
ITS signal was generated at cell rear margin in biotinylated keratcoytes that migrate via 
biotin-streptavidin bonds. 
We further investigate whether HIT is a general approach for cell de-adhesion and 
retraction in migrating keratocytes. An experiment was designed to test integrin-independent 
keratocyte migration. We biotinylated membrane proteins of keratocytes and tested keratocyte 
migration based on biotin-streptavidin-mediated adhesion instead of integrin-mediated adhesion. 
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Keratocytes re-suspended in serum-free medium were treated with NHS ester-labeled biotin. The 
NHS ester readily reacts with amine group in the membrane proteins of keratocytes and 
covalently labels the proteins with biotins. The biotinylated keratocytes are able to adhere on 
streptavidin surfaces without integrin ligands. A new construct of ITS (Figure 2.4C) was 
designed to map the tension transmitted by biotin-streptavidin bonds. The ITS was covalently 
conjugated with bovine serum albumin which enables ITS surface immobilization by physical 
adsorption. The other end of the ITS has a biotin tag to immobilize streptavidin. Biotinylated 
keratocytes were plated on the ITS-coupled streptavidin surfaces. The keratcoytes were shown to 
adhere and migrate normally on the surface. ITS signal was also generated by the migrating 
keratocytes on the surface (Figure 2.4D). Instead of the typical two-track force map due to the 
peeling of the large FAs at two sides in regular keratocytes, biotinylated keratocytes generated 
nearly homogenous ITS signal behind the cells. This is likely because that the membrane 
proteins is relatively uniformly distributed on the cell membrane and biotin-streptavidin 
interaction occurs evenly under the cells. Remarkably, the ITS signal transmitted by the biotin-
streptavidin bonds is still exclusively generated at the cell rear margin (Figure 2.4E), 
demonstrating that keratocytes have the ability to concentrate force at cell rear to mechanically 
peel off rear adhesion sites and facilitate cell migration even in an integrin-independent manner. 
Discussion 
By calibrating and mapping integrin molecular tension in migrating keratocytes at 
submicron resolution, we provided direct evidence to show that keratocytes mechanically 
mediate cell rear de-adhesion during rapid migration. We found that keratocytes produce high-
level integrin tension (HIT) capable of rupturing integrin-ligand bonds exclusively and narrowly 
at the cell rear margin. HIT mediates rear de-adhesion by peeling off FAs lagging behind during 
cell migration. The intensity of local HIT is highly correlated with cell retraction dynamics, 
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showing that HIT promotes cell rear retraction and facilitates cell migration. HIT is also 
generated at cell margin during artificially induced cell front retraction, and during keratocyte 
migration mediated by actin-streptavidin bonds, suggesting that concentrating HIT at cell margin 
is a general mechanism to mediate de-adhesion and retraction during keratocyte migration. 
The narrow and exclusive localization of HIT at cell margin raises the question of what is 
the direct force source of HIT. Because integrins are located in cell membrane and linked to 
actin-based cytoskeleton. Cell membrane and cytoskeleton are the two potential physical sources 
for HIT. Actomyosin has been generally considered to be the main source of cell traction force 
produced at cell-matrix interface (Lauffenburger and Horwitz, 1996; Ridley et al., 2003). 
However, it is doubtful that actomyosin is the direct force source for HIT that mediates 
keratocyte retraction. First, it is known that actomyosin is dispensable in keratocyte migration, as 
the pharmaceutical inhibition of actomyosin function does not prohibit keratocytes from 
migrating (Wilson et al., 2010). Moreover, if actomyosin generates HIT in migrating keratocytes, 
it is puzzling how actomyosin contraction may exclusively concentrate HIT at cell rear margin 
within a narrow region of submicron width. A more plausible mechanism is that cell membrane 
instead of actomyosin generates HIT in rapid migrating keratocytes. According to actin 
treadmilling model (Le Clainche and Carlier, 2008; Theriot and Mitchison, 1991), polymerizing 
actin network in cell protrusion site pushes cell membrane forward, therefore stretching the cell 
membrane and producing pulling force at cell trailing edge (Lieber et al., 2013), and keratocytes 
stopped generating new HIT after actin polymerization was inhibited by latrunculin A (Figure 
2.9 ). HIT is likely generated on cell rear adhesion sites by tensioned cell membrane. This would 
explain why HIT is concentrated in a narrow region and consistently produced at cell rear 
margin. This hypothesis is also favorably supported by the experiments of acute membrane 
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retraction induced by osmotic shock during which HIT was generated at the cell margin in all 
peripheral locations including the cell front, as the osmotic shock acutely induces membrane 
retraction but unlikely has an immediate effect on actomyosin force alteration. The biotin-
streptavidin based keratocyte migration also favorably supports the hypothesis that cell 
membrane is the force source of HIT. It was shown that biotinylated keratocytes were still able 
to adhere and migrate on streptavidin-presenting surface. ITS signal reporting high-level tension 
was still generated at cell rear margin in this integrin-independent keratocyte migration. Because 
actomyosin is not physically linked with most membrane proteins, the ITS signal was more 
likely generated by cell membrane. 
Nonetheless, it is challenging to rigorously rule out the role of actomyosin in the 
generation of HIT. We attempted to pharmaceutically inhibit myosin II in keratocytes using 
blebbistatin and indeed observed that HIT signal gradually diminished (Figure 2.10A-B). 
However, this does not suggest that actomyosin is the direct source of HIT. Because blebbistatin 
has the side effect of abolishing FA formation (Figure 2.10 C) and weakening cell adhesion 
(Jurado et al., 2005), the decrease of HIT could be simply caused by the FA abolishment as HIT 
is generated to peel off FAs. In the future, an approach that inhibits myosin II while preserving 
focal adhesion formation is desired to confirm that actomyosin is not involved in HIT generation 
in migrating keratocytes. 
RGD was used as integrin ligand on ITS. Although RGD is a ubiquitous ligand for 
several integrin, especially integrin αVβ3, αIIbβ3 and α5β1 (Mondal et al., 2013), future work worth 
trying on which integrin plays more important role in the process of peeling off rear adhesion 
sites and how the composition of ECM determines cell migration via rear deadhesion. 
31 
 
Overall, our results provide the solid evidence that fast migrating keratocytes 
mechanically mediate cell rear de-adhesion by concentrating HIT exclusively at cell rear margin 
to rupture the integrin-ligand bonds, testifying that mechanical regulation plays an important role 
in rapid cell migration. 
Experimental Procedures 
Buffer solutions for all reactions in the methods are PBS (phosphate buffered saline) with 
PH=7.4 if not stated otherwise. 
Synthesis of ITS. 
 ITS is synthesized based on a double-stranded DNA (dsDNA). The dsDNA is decorated 
with four molecular tags as shown in Figure 2.1 B. Only the upper strand of dsDNA requires 
integrin ligand conjugation. All other DNA strands with modifications can be customized and 
purchased from commercial sources. The upper strand DNA with thiol modification and BHQ2 
(black hole quencher 2) tag was purchased from integrated DNA technology, Inc. Integrin ligand 
peptide RGD was conjugated on this ssDNA at 5' end with the following protocol. 
Sequence and modification of the upper strand ssDNA of ITS: 
5'- /5ThioMC6-D/GGG CGG CGA CCT CAG CAT/3BHQ2/ -3' 
Conjugation of RGD peptide on thiol-modified ssDNA. 
1). 20µL×1 mM ssDNA with thiol modification was mixed with 10 µL×[50mM TCEP + 
50mM EDTA] and incubated at room temperature for 30 min. TCEP and EDTA were used to 
deprotect the thiol group and make it available for thiol-maleimide reaction. TCEP: Tris(2-
carboxyethyl)phosphine hydrochloride. EDTA: Ethylenediaminetetraacetic acid. 2). Mix 100 
µL×20 mM Cyclic peptide RGD-NH2 (catalog #: PCI-3696-PI, purchased from Peptides 
International Inc) and 40 µL×23mM Sulfo-SMCC (crosslinker with NHS ester and Maleimide 
groups, 22622, Thermo Fisher Scientific Inc.) dissolved in pure water, and incubate the mixture 
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for 20 min at room temperature. The NHS ester group on the Sulfo-SMCC crosslinker reacts 
with the amine on RGD, while maleimide at the other end of the crosslinker is saved for the 
reaction with thiol group on the thiol-modified ssDNA in the next step. 3). The solutions of 
ssDNA with thiol group and RGD linked to crosslinker were mixed and kept at room 
temperature for 1 h and then at 4 oC overnight. RGD-maleimide reacts with thiol-ssDNA and 
form the product of RGD-ssDNA-BHQ2. The ssDNA was purified by ethanol precipitation. This 
protocol generally have more than 80% yield of RGD-ssDNA-BHQ2. If higher purity is desired, 
the ssDNA can be further purified by gel electrophoresis or HPLC. 
RGD-ssDNA-BHQ2 was hybridized with its complementary ssDNA with fluorophore 
and biotin tags to form the final product of ITS. The hybridization is performed by mixing RGD-
ssDNA-BHQ2 and Fluo-ssDNA-biotin at 1.2:1 molar ratio and incubating the mixture at 4 oC 
overnight. Although both ssDNA with conjugates can tolerate temperature for standard DNA 
annealing, it is not necessary to anneal the two ssDNAs at high temperature as these 18bp 
ssDNAs were designed to have minimized secondary structure. The following shows the DNA 
structure for ITS used in this paper. “BiosG” and “Bio” denote biotin conjugation on the ssDNA. 
ITS with Ttol = 54 pN (with Cy3-BHQ2 pair) 
5'- /5RGD/-GGG CGG CGA CCT CAG CAT/3BHQ2/ -3' 
5'- /5BiosG/T/iCy3/ATG CTG AGG TCG CCG CCC/ -3' 
ITS with Ttol = 100 pN (with Cy3 label and reporting integrin tensions by fluorescence 
loss) 
5'- /5RGD/-GGG CGG CGA CCT CAG CAT/3Bio/ -3' 
5'- ATG CTG AGG TCG CCG CCC/Cy3/ -3' 
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ITS with Ttol = 54 pN (with Cy3 label and reporting integrin tensions by fluorescence 
loss) 
5'- /5RGD/-GGG CGG CGA CCT CAG CAT/Cy3/ -3' 
5'- /5BiosG/ATG CTG AGG TCG CCG CCC/ -3'  
ITS surface preparation.  
ITS is immobilized on a glass surface through biotin-streptavidin interaction. 
1). 0.5 mg/mL biotinylated bovine serum albumin (BSA-biotin, Prod #: 29130, purchased 
from ThermoFisher Scientific Inc) was incubated on a glass-bottom petri dish (D35-10-1.5-N, 
Cellvis) at 4 oC for 30 min and the surface was thoroughly washed by PBS three times. 2). 100 
µg/mL streptavidin (S4762, Sigma-Aldrich) was added to the surface and incubated at 4 oC for 
30 min. The petri dish was rinsed with PBS solution three times. 3). 0.1 µM ITS solution was 
added on the streptavidin coated surface and incubated at 4 oC for 30 min. The surface was rinsed 
with PBS three times and kept in PBS before cell plating. 
Cell culture and plating.  
The keratocytes were harvested from scales of fantail goldfish (Carassius auratus). Fish 
scales were plucked from a fish and gently pressed on a glass bottom petri dish, with the interior 
side of the scale contacting on the glass surface. Allow 1-2 min for the scale to stick on the 
surface. Then add culture medium (IMDM, Lot #:62996227, purchased from ATCC company) 
spiked with 20% fetal bovine serum and 1% penicillin on the petri dish. The scales were 
incubated at room temperature for about 12-24 h to allow keratocytes to migrate out from the 
scales. 
In experiments, the keratocytes were detached from petri dish using EDTA solution 
(Recipe: 100mL 10× HBSS + 10mL 1M HEPES (PH7.6) + 10 mL 7.5% sodium bicarbonate + 
2.4 mL 500 mM EDTA +1 L H2O). The petri dish with keratocytes was rinsed once with EDTA 
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solution and then incubated in the EDTA solution for 5 min at room temperature. The detached 
cells were dispersed in the EDTA solution by pipetting. IMDM culture medium was added to the 
EDTA solution with cells at a volume ratio of 5:1. The keratocytes were plated on the ITS 
surface at a cell density of 2.0×105 cells/mL in the well of the petri dish. This relatively low cell 
density allows more space for cell migration. Incubate the cells on ITS surface for about 15 min. 
Keratocytes will polarize and migrate. The ITS imaging is performed afterwards. 
Mn2+ treatment on migrating keratocytes 
Name: Magnesium Chloride Hexahydrate 
Company: Fisher Scientific 
Concentration: 2mM 
When keratocytes were migrating on the ITS surface, 1 mL cell medium spiked with 2.4 
mM MnCl2 (bp214-500, Fisher Scientific) was added to the petridish well which contains 
keratocytes in 200 µL medium. The final concentration of Mn2+ is 2 mM. 
FA (focal adhesion) immunostaining.  
Immunostaining of FA protein vinculin was performed to visualize FAs and study their 
co-localization with ITS maps using standard immunostaining protocol. 2.5 µg/mL primary 
antibody (Vinculin Monoclonal antibody, purified clone 7F9 (Part No. 90227), purchased from 
Millipore Sigma), 2.5 µg/mL secondary antibody (mouse anti-human CD62P, Catalog No. 
550561, purchased from BD Boisciences) and 2 unit/mL phalloidin (Alexa Fluor® 647 
Phalloidin , Catalog No. A22287, purchased from ThermoFisher Scientific Inc) was used to stain 
vinculin and F-actin. 
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Experiments with treatment of hypertonic medium, blebbistatin, Y-27362 and Calpain 
inhibitor. 
All inhibition experiments were conducted on live migrating keratocytes. The petri dish 
coated with ITS and plated with keratocytes was mounted on the stage in the fluorescence 
microscope. Hypertonic medium was added by medium exchange after cell adhesion. 
Blebbistatin, Y-27632 or Calpain inhibitor was added to cell medium prior to cell plating and 
remained in the medium during the entire experiments. 
Biotinylation of keratocytes. 
Keratocytes in culture was treated with 0.5mM EZ-LinkTM NHS-PEG12-Biotin (21312, 
ThermoFisher Scientific) in Ham’s F12 (HFL05 , Caisson Lab, Inc.) medium (without fetal 
bovine serum) for 10 min. The cells were then rinsed with Ham’s F12 medium twice, detached 
by EDTA solution and prepared for subsequent migration experiments. 
Imaging acquisition.  
Imaging on keratocytes was performed at room temperature using Nikon Eclipse Ti-E 
fluorescence microscope with 40× and 1.5× tube lens. ITS with Ttol = 54 pN was imaged in Cy3 
channel. YFP channel was used to image immunostained vinculin for FA visualization. Software 
NIS elements was used to control the microscope and image acquisition. 
Image analysis.  
Matlab code was compiled for the image analysis and video processing. All ITS signal 
intensities were acquired from the original fluorescence images without rescaling of image 
grayscale. Matlab code was also compiled to find cell contours, the code is available upon 
request. 
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Supplementary Figures for Chapter 2 
 
Figure 2.5 Calibration of quenching efficiency of Cy3-quencher pair in ITS. 
Under the same imaging setting, we acquired fluorescence intensities on neutravidin-coated glass 
surfaces without ITS coating, with 0.1 µM ITS coating, and with 0.1 µM quencher-free ITS 
coating, respectively. The average grayscale values (denoted by Ipeak, the grayscale value at the 
peak of grayscale histogram) represent the fluorescence intensities on these surfaces, from which 





Figure 2.6 Enhancing integrin-ligand bond strength with 2 mM Mn2+ led to stronger ITS 
signal 
A. Time-series HIT maps of a migrating keratocyte. 2 mM Mn2+ was added to the cell medium at 
t = 7 min after starting imaging. B. HIT map segmentation by time. C. ITS signal intensity 
analysis. 2 mM Mn2+ immediately increased ITS signal by 2.5 fold, suggesting that integrin-
ligand bond dissociation is in company with ITS activation under normal physiological 
condition, and ITS signal can report the location where integrin-ligand bonds are mechanically 
dissociated. Brightness is calculated as the fluorescent intensity over background, and is 







Figure 2.7 Merged images of focal adhesions (FA), F-actin and ITS signal (Ttol = 54 pN) in a 
CHO-K1 cell. 
Two images instead of three selected from FA, F-actin and ITS imaging were merged to show 





Figure 2.8 Width calibration of real-time HIT region during acutely induced cell front 
retraction.  
A. HIT map (green), real-time HIT map generated in latest 10 seconds (red) and the cell margin. 
B. The width of real-time HIT region is calibrated to be 0.45 µm. The line profile was analyzed 




Figure 2.9 The treatment of 50nM latrunculin A impedes the migration of keartocytes and 
formation of HIT.  
After the treatment with 50nM latrunculin A on keartocyte, which can impede the 






Figure 2.10 HIT diminished in keratocytes treated with 50 µM blebbistatin that abolishes 
focal adhesion formation.  
A.A keratocyte continued to migrate with myosin II inhibited by 50 µM blebbistatin. B. HIT 
reported by ITS signal decreased by time. C. Focal adhesions were abolished by the treatment of 
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Abstract 
DNA is a versatile biomaterial with well-defined mechanical and biochemical properties. 
It has been broadly adopted to synthesize tension sensors that calibrate and visualize cellular 
forces at the cell-matrix interface. However, one emerging issue of DNA-based tension sensors 
is their vulnerability to the degradation by DNases which cells may express on cell membrane or 
secret to the culture environment. These DNases can damage the sensors, lower signal-to-noise 
ratio or even produce false signal in cellular force imaging. To address this issue, we tested 
peptide nucleic acid (PNA), chemically modified RNA and their hybrids with DNA as 
alternative biomaterials for constructing tension sensors. By evaluating the DNase resistance, 
cellular force imaging ability, material robustness, eventually we determined that PNA/DNA 
hybrid is an accessible material that can be used to synthesize DNase-resistant tension sensor. 
We confirmed that this tension sensor retains the force-reporting capability while remaining 
stable in the physiological environment with DNase-expressing cells. This new class of tension 
sensors will broaden the application of tension sensors in the study of cell mechanobiology. 
Introduction 
Integrin-mediated force transmission is important for many cellular functions, including 
cell survival (Aoudjit and Vuori, 2012; Giancotti, 1997; Illario et al., 2003), spreading 
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(Cavalcanti-Adam et al., 2007; Price et al., 1998), migration (Hood and Cheresh, 2002; 
Huttenlocher and Horwitz, 2011), proliferation (Moreno-Layseca and Streuli, 2014; Shankar et 
al., 1993) and differentiation (Gomez-Lamarca et al., 2014; Wang et al., 2015a). A variety of 
methods have been developed to measure and map cellular force (Polacheck and Chen, 2016; 
Roca-Cusachs et al., 2017). To visualize the invisible cellular force at high resolution, one 
powerful strategy is to convert the molecular force transmitted by integrins to fluorescence using 
integrin tension sensors equipped with a dye-dye pair or a dye-quencher pair. Biomaterials such 
as spider silk peptide (Brenner et al., 2016), polyethylene glycol (Legant et al., 2010; Miller et 
al., 2010) and DNA (Blakely et al., 2014; Wang and Ha, 2013; Zhang et al., 2014) have been 
adopted for constructing the tension sensors. Among these materials, DNA attracted tremendous 
interest for its programmable tension sensing ability, matured chemistry for the conjugation with 
dyes and integrin ligands, and well-calibrated mechanical property (Cocco et al., 2001; Hatch et 
al., 2008). Both hairpin DNA (Blakely et al., 2014; Zhang et al., 2014) and double-stranded 
DNA (dsDNA) (Wang and Ha, 2013; Wang et al., 2018) were adopted for calibrating integrin 
tension and imaging cellular force. These tension sensors have been successfully applied to a 
broad scope of studies including platelet functions (Wang et al., 2018; Zhang et al., 2018), cell 
migration (Zhao et al., 2018) and immune cell activation (Liu et al., 2016), etc. 
Despite its versatility as biomaterial for molecular engineering, DNA is susceptible to 
degradation by Deoxyribonuclease (DNase), either soluble DNases released by cells (Fischer et 
al., 2011; Perry and Chalkley, 1981; Zhang et al., 2009) or membrane-bound DNases expressed 
by some cell types (Shiokawa et al., 2007; Wang et al., 2019). During cell culture and plating, 
some cells may rupture due to cell death, apoptosis or mechanical shear stress, releasing soluble 
DNases into the culture medium. These DNases may gradually deteriorate the tension sensor 
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immobilized on the substrate. Moreover, many cancer cells tend to express substantial 
membrane-bound DNases which degrade surface-immobilized DNA (Wang et al., 2019). 
Collectively, these soluble and membrane-bound DNases can degrade DNA-based tension 
sensors or even produce false force signals, limiting the application of DNA-based tension 
sensors in the study of cells that have extracellular DNase activity. 
Previously we developed dsDNA-based Integrative tension sensor (ITS) (Wang et al., 
2018) and applied it to image cellular force in platelets, keratocytes and other cell types which 
have no or relatively low DNase activity. A typical ITS is a dsDNA with the upper strand 
conjugated with a quencher and a RGD (Arginine-glycine-aspartic acid) peptide ligand (Mondal 
et al., 2013) targeting integrins, and the bottom strand conjugated with a dye in the proximity of 
the quencher and a biotin for surface immobilization. During cellular force mapping, ITS is 
coated on a coverslip where cells are plated subsequently. Upon cell adhesion, integrins bind and 
transmit force to ITS and activate fluorescent signal by mechanically dissociating the dsDNA of 
the ITS and separating the dye-quencher pair, so that the force is reported by fluorescence. 
However, when applied to the force study in cancer cells such as MDA-MB-231 breast cancer 
cells, MTC (mouse thyroid carcinoma) cells, and macrophages, ITS suffered from degradation or 
even produced false force signal. We identified that the DNase activity on the cell membrane 
caused the ITS degradation and false signal generation. The DNase activity in these cell types 
would likely degrade other DNA-based tension sensors as well. Overall, the application of DNA-
based tension sensors is hampered in the cellular force study of many DNase-active cell types. 
To address this issue, here we developed DNase-resistant tension sensors that tolerate both 
soluble and membrane-bound DNases while retaining the ability of cellular force imaging. 
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Materials and Methods 
Synthesis of integrative tension sensors based on dsDNA, dsRNA, PNA/DNA and 
PNA/RNA hybrids 
DNAs and chemically modified RNAs were customized and purchased from Integrated 
DNA Technologies. PNA was customized and purchased from PNA Bio Inc. The sequences of 
the nucleic acids are: 
Table 3.1 Nucleic acids for the synthesis of RGD-null ITS that reports their DNA resistance 
to DNases. (sequences are from 5` end to 3` end) 
1 RGD-null DNA 
upper strand 
GGG CGG CGA CCT CAG CAT/3BHQ_2/ 
2 RGD-null DNA 
lower strand 
/5BiosG/T/iCy3/ATG CTG AGG TCG CCG CCC/ 
3 RGD-null RNA 
upper strand 
mG*mG*mG* mC*mG*mG* mC*mG*mA* mC*mC*mU* mC*mA*mG* 
mC*mA*mU*/3BHQ_2/ 
4 RGD-null RNA 
lower strand 
/5BiosG/mU*/iCy3/mA*mU*mG* mC*mU*mG* mA*mG*mG* mU*mC*mG* 
mC*mC*mG* mC*mC*mC*/ 




1. Strands 1 and 2 were hybridized to dsDNA-based RGD-null ITS. 
2. Strands 3 and 4 were hybridized to dsRNA-based RGD-null ITS. 
3. Strands 1 and 5 were hybridized to PNA/DNA-based RGD-null ITS. 
4. Strands 3 and 5 were hybridized to PNA/RNA-based RGD-null ITS. 
5. /3BHQ_2/ represents a Black Hole Quencher 2 at the 3' end. 
6. /5BiosG/ represent a biotin tag at the 5’ end of a nucleic acid. 
7. m_* in strands 5 and 6 represents a phosphorothioated 2'O-methyl base. 
8. “O” in the PNA sequence represents an ethylene glycol that increases the PNA solubility in water. 
Table 3.2 Nucleic acids for the synthesis of ITS reporting cellular forces. (sequences are 
from 5` end to 3` end) 
1 DNA upper strand /5ThioMC6-D/GGG CGG CGA CCT CAG CAT/3BHQ_2/ 
2 DNA upper strand 
(Linked with RGD) 
/RGD/GGG CGG CGA CCT CAG CAT/3BHQ_2/ 
3 DNA lower strand  /5Cy3/ATG CTG AGG TCG CCG CCC/3Bio/ 
4 RNA upper strand /5ThioMC6-D/ mG*mG*mG* mC*mG*mG* mC*mG*mA* mC*mC*mU* 
mC*mA*mG* mC*mA*mU*/3BHQ_2/ 
5 RNA upper strand 
(Linked with RGD) 
/RGD/ mG*mG*mG* mC*mG*mG* mC*mG*mA* mC*mC*mU* mC*mA*mG* 
mC*mA*mU*/3BHQ_2/ 
6 RNA lower strand /5Cy5/mA*mU*mG* mC*mU*mG* mA*mG*mG* mU*mC*mG* mC*mC*mG* 
mC*mC*mC*/3Bio/ 





Table 3.2 Conitunued 
Notes: 
1. /5ThioMC6-D/ represents a thiol modification which is used to conjugate a RGD peptide to a DNA or a RNA. 
Protocol of conjugating RGD to DNA strand 1 or RNA strand 6 can be found in (Zhao et al., 2019). 
2. /3Bio/ represent a biotin tag at the 3’ end of a nucleic acid. 
3. “K” in the PNA sequence represents a lysine that increases the PNA solubility in water. Strands 2 and 3 were 
hybridized to dsDNA-based RGD ITS. 
4. Strands 5 and 6 were hybridized to dsRNA-based RGD ITS. 
5. Strands 2 and 7 were hybridized to PNA/DNA-based RGD ITS. 
Strands 5 and 7 were hybridized to PNA/RNA-based RGD ITS. 
Immobilizing ITS on glass bottom petridishes 
The detail of ITS coating can be found in articles (Wang et al., 2015b; Zhao et al., 2019). 
In brief, a glass bottom petri dish was incubated with 100 µg/ml BSA-biotin (Sigma-Aldrich, 
A8549) spiked with 5 µg/ml fibronectin in PBS for 30 min and washed with PBS 3 times. BSA-
biotin coated the surface to prevent non-specific binding and provide biotin which was available 
for avidin protein binding. Afterward the surface was incubated with 50 µg/ml Neutravidin 
(Thermo Fisher Scientific, 31000) in PBS for 30 min and washed with PBS 3 times. Finally, the 
surface was incubated in 1µM ITS in PBS for 30min. It is important to make sure that the surface 
should not dry or the imaging background will be messy. 
Cell culture and plating 
All cells except platelets were cultured in culture media recommended by ATCC.org. To 
plate cells on ITS surface, the cells in culture flasks were washed with mild cell detaching 
solution (recipe: 100 mL 10× HBSS + 10 mL 1 M HEPES (PH7.6) + 10 mL 7.5% sodium 
bicarbonate + 2.4 mL 500 mM EDTA + 1 L H2O). The detaching solution was then added to 
treat the cells for 5-10 min. Detached cells were dispersed with a pipette, collected and 
centrifuged for 3 min with 300 RCF. Supernatant was discarded and serum-free culture medium 
was added to re-suspend the cells at a cell density around 1×106/mL. The cell solution was plated 




The process of culturing platelets can be found in (Wang et al., 2018). Platelet-rich 
plasma (PRP) was provided by collaborators. After receiving PRP, it was centrifuged for 8 min 
with 800 RCF. Supernatant was discarded, the cell pellet was re-suspended in F-12 medium 
(HFL05, Caisson Laboratories) and 10 µM Adenosine diphosphate (ADP) was added to platelets 
media in order for the activation of platelets. The platelets were cultured onto ITS surface for 40 
min before fixation and imaging. 
Vinculin, actin immunostaining of cells on ITS surface 
After 2h of culture of cells on ITS surface, cells were fixed with 4% paraformaldehyde 
(PFA) for 10 min and rinsed with PBS 3 times. Then the sample was permeabilized with 0.5% 
Triton X for 10 min and rinsed with PBS 3 times. Then the sample was incubated with 2µg/mL 
BSA solution at 4 oC to block non-specific absorption and washed with PBS 3 times. Afterwards, 
primary antibody (anti-Vinculin, from Sigma-Aldrich, FAK100) and secondary antibody with 
Alexa405 dye was respectively applied to the sample for 1-2h at 4 oC, with 3 wash with PBS + 
0.05% Tween20 after each step. Finally, 5 units/mL of Phalloidin-Alexa 647 (Thermo Fisher 
Scientific, A22287) was applied to the sample for 20 min and the sample was rinsed with PBS 3 
times. 
Fluorescent imaging of Cy3 molecules conjugated on DNA on PNA 
We used pegylated glass coverslip (preparation of PEG glass can be found in (Wang and 
Ha, 2013)) for imaging of Cy3 molecules. PEG glass was incubated with 50 µg/ml neutravidin 
for 30min and washed with PBS once. Then the glass was incubated with 2 pM Cy3 molecules 
conjugated onto dsDNA or hybrid DNA/PNA without Quencher for 30 min. The glass was 
rinsed once with PBS and soaked in PBS during imaging. 
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Soluble Dnase I treatment on tension sensor 
After the immobilization of ITS onto glass bottom petri dish, the dish was treated with 20 
units/mL DNase I (Thermo Fisher Scientific, 89836) in DMEM media (Corning, 10-013-CV). 
Time elapse imaging was performed immediately. 
Imaging 
The imaging of MDA-MB-231 cells, platelets and DNase I treatment were processed on 
an epi-fluorescent microscope (Ti, Nikon) with 40X lens (Plan Fluor 40X/0.75, Nikon) and 
TRITC or GFP-B filters (Nikon). 
The imaging of all other samples were performed on a total internal reflection 
fluorescence microscope (TIRFM) (Ti-2, Nikon) with an TIRF objective lens (CFI Apo TIRF 
100XC Oil, Nikon). The laser (LU-N Laser Unit, Nikon) with 405nm, 488nm, 561nm, 640nm 
available was used with Laser Quad Band Set (TRF89901-EMv2, CHROMA) for all wavelength 
on TIRF. 
Results  
dsDNA-based tension sensor is susceptible to the degradation by membrane-bound DNases 
Mammalian cells may express membrane-bound DNases (Los et al., 2000; Shiokawa et 
al., 2007) which may protect the cells from exogenous gene invasion. Many cancer cells, 
including MDA-MB-231 and MTC cells, express DNase X, a type of membrane-bound DNase 
(Wang et al., 2019). To test if DNase X disrupts the performance of DNA-based ITS, we 
prepared two dsDNA constructs, with one conjugated with integrin ligand RGD (ITS) and the 
other without RGD (RGD-null ITS) (Figure 3.1 A). In principle, the ITS can be activated to 
fluorescent state by either DNA dissociation or DNA degradation which both can free the dye 
from quenching (Figure 3.1 B). The two constructs were immobilized on glass surfaces along 
with fibronectin which facilitates cell adhesion. MDA-MB-231 cells were plated and cultured on 
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the surfaces for 2 hours. Bright fluorescent signals were generated on both surfaces, regardless 
with or without RGD (Figure 3.1 C), suggesting that the ITS is not reporting integrin-transmitted 
cellular force. To confirm that the fluorescent signal was caused by DNase X, the cells on ITS 
surfaces were fixed and immunostained with DNase X antibody and Alexa 647 labeled 
secondary antibody. The immunostained DNase X was well co-localized with the fluorescent 
pattern of ITS (Figure 3.1 D), suggesting the ITS signal was mainly caused by DNase X. 
Previous treatment with si-RNA of DNase X eliminated most of the fluorescence caused by 
MDA-MB-231 cells (Wang et al., 2019). Therefore, DNA-based ITS was degraded by DNase X 
on the cell membrane, giving rise to false force signal. We also found that the false signal is 
generally much brighter than the fluorescent signal produced by cellular force, perhaps because 
DNases degrade DNA more efficiently than cellular forces dissociate DNA. It is likely that 
tension sensors based on other DNA structures such as DNA hairpins would also be degraded or 
produce false force signal when applied to the force study of cells expressing membrane-bound 
DNases. 
PNA/DNA, modified dsRNA and PNA/RNA resist both soluble and membrane-bound 
DNases 
In order to overcome the susceptibility of DNA-based tension sensor to DNases, we 
tested PNA (peptide nucleic acid) and chemically modified RNA as alternative biomaterials for 
tension sensor construction. PNA is a nucleic acid with peptide N-(2-aminoethyl)-glycine as the 
backbone (Figure 3.2 A). It was previously reported that the PNA/DNA hybrid duplex has strong 
resistance to DNases and proteases (Pellestor and Paulasova, 2004). RNA as the other candidate 
is naturally resistant to DNase degradation. However, RNA is highly susceptible to RNases at 
even trace level. As a result, RNA is unstable in general lab setting and in cell culture unless 
extreme caution is taken. To increase the robustness of RNA material, we adopted modified 
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RNA for tension sensor construction. The RNA in this paper was modified with 2’-O-
Methylation at all of its nucleotides and phosphorothioation at the backbone (Figure 3.2 A). 
These two modifications were reported to increase RNA stability during in vivo nucleic acid 
experiments (Hernandez et al., 2012; Putney et al., 1981). In following context, “RNA” refers to 
the RNA with these two modifications. 
 
Figure 3.1 Membrane-bound DNase disrupts the performance of DNA-based tension 
sensor. 
 (A) Structures of dsDNA-based tension sensor (ITS, shear configuration of dsDNA) and RGD-
null ITS (without integrin ligand). (B) ITS can be activated to fluoresce either by integrin 
tension or by DNase cleavage. RGD-null ITS can be activated to fluorescence by DNase 
cleavage, but not by integrin tension. (C) Both ITS and RGD-null ITS showed similar 
fluorescence pattern, suggesting that ITS is activated by DNase instead of integrin tension. (D) 
MDA-MB-231 cells exhibited rich DNase activity on cell membrane, evidenced by the co-
localization between immunostained DNase X and ITS. Scale bar: 20 µm 
Four duplex constructs, dsDNA, PNA/DNA, dsRNA and PNA/RNA with the same 
nucleic acid sequences (except the thymine was replaced with uracil in RNA constructs) were 
prepared according to Table 1. Their resistance to both soluble DNase and cell membrane-bound 
DNase were tested. The four duplex constructs were conjugated with Cy3-BHQ2 pairs and 
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immobilized on glass surfaces through biotin-neutravidin interaction (Figure 3.2 B). No RGD 
ligand was conjugated to these duplexes. In both PNA/DNA and PNA/RNA hybrid duplexes, 
PNA is the lower strand that is labeled with Cy3 and directly immobilized on the surface. If the 
duplex construct is degraded, Cy3 will be left on the surface and freed from quenching, hence 
emitting fluorescence and reporting the duplex degradation. First, we tested their resistance to 
DNase I, a common type of soluble DNase. Glass-bottom petridishes coated with the duplexes 
were treated with 20 unit/mL DNase I in DMEM cell culture medium. Time-lapse imaging was 
conducted and the fluorescence intensity was recorded for each surface (Figure 3.2 C). As 
expected, during the 20 min treatment, fluorescence intensity of the dsDNA construct rapidly 
increased, reporting the dsDNA degradation by DNase I. In contrast, fluorescence intensities of 
other three duplexes did not have obvious increment (Figure 3.2 C-D), suggesting that 
PNA/DNA, dsRNA and PNA/RNA are indeed strongly resistant to DNase I. 
We then tested the susceptibilities of these duplexes to membrane-bound DNase X in live 
cells. MTC cells were cultured on the surfaces separately coated with these duplexes and 
incubated for 2 hours. In contrast to the significant DNase signal shown by dsDNA construct, all 
other three constructs showed little fluorescent response to cells (Figure 3.2 E). The statistics 
also shown that the average fluorescence intensities produced by DNase of MTC cells on DNase-
resistant constructs are less than 5% of the signal intensity produced on the dsDNA-based 
construct (Figure 3.2 F), indicating that the resistance of PNA/DNA, dsRNA and PNA/RNA 




Figure 3.2 Testing the resistance of dsDNA, PNA/DNA, modified dsRNA and PNA/RNA 
to both soluble DNase and membrane-bound DNase. 
 (A) DNA, PNA, RNA modified by methylation and phosphorothioation and their hybrid 
duplexes were prepared and tested as candidate DNase-resistant biomaterials. (B) dsDNA, 
PNA/DNA, dsRNA (modified) and PNA/RNA as duplexes (RGD-null ITS) were designed as 
in the Figure. In both PNA/DNA and PNA/RNA constructs, PNA is the lower strand 
immobilized on the surface. Duplex degradation by DNase would de-quench Cy3 and be 
reported by local fluorescence. (C) Four surfaces coated with these duplexes, respectively, were 
treated with 20 unit/mL DNase I. Surface fluorescence intensities was monitored by 20 min 
time-lapse imaging. (D) Surface fluorescence intensity versus time on four surfaces. (E) MTC 
cells expressing membrane-bound DNase were plated on the four surfaces. (F) Fluorescence 
signal intensities caused by membrane-bound DNase on the four surfaces. Scale bar: 10 µm. 
Cellular force imaging by tension sensors based on PNA/DNA, modified dsRNA and 
PNA/RNA 
We confirmed the resistance of the alternative duplexes to DNases. Next we synthesized 
tension sensor ITSs based on these duplexes by conjugating integrin ligand RGD to them in the 
unzipping configuration, with the RGD and the biotin at the same end of the duplex (Figure 3.3 
A). Refer to table 2 for the nucleic acid sequences and modifications. PNA is the lower strand in 
both PNA/DNA and PNA/RNA ITSs. To evaluate their force reporting abilities exclusively, we 
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selected platelets as cell models as platelets reliably produce cellular force maps and exhibited 
little DNase activity in our previous force assays (Wang et al., 2018). Platelets were incubated on 
four surfaces coated with tension sensors based on dsDNA, PNA/DNA, dsRNA and PNA/RNA, 
respectively. After 30 min incubation, cell samples and the force maps were imaged with a 
fluorescence microscope (Figure 3.3 B) with the same optical settings (light source power and 
exposure time, etc.). The typical ring-shaped platelet force patterns were observed on all tension 
sensor surfaces. To evaluate the force mapping capability, the signal-to-noise ratios (SNR) of 
platelet force maps against the background were quantified (Figure 3.3 C). Among these four 
types of tension sensors, PNA/DNA ITS has the highest SNR, and dsRNA ITS has a SNR at a 
similar level to that of dsDNA-based ITS. This shows that tension sensors based on PNA/DNA 
and dsRNA duplexes have comparable or even better performance than dsDNA-based tension 
sensor. However, the SNR of PNA/RNA ITS is significantly lower, suggesting its inferior 
cellular force reporting ability, possibly because PNA/RNA has larger binding energy than other 
double strands (Natsume et al., 2007), which makes cells hard to rupture. In addition, PNA/RNA 
is also the most costly one among the four duplexes in terms of sample preparation. Therefore 
PNA/RNA is not recommended for tension sensor synthesis and it was not used in the following 
tests. 
We investigated why PNA/DNA ITS exhibits higher SNR than other ITSs in cellular 
force mapping. One potential reason is that the fluorescence intensity of cyanine dyes is 
enhanced at the proximity (nanometer range) of a protein or a peptide, known as a phenomenon 
named PIFE (Protein induced fluorescence enhancement) (Hwang and Myong, 2014). We 
performed single molecule imaging on Cy3 conjugated to a DNA or a PNA and compared their 
fluorescence intensities (Figure 3.3 E-F). Under the same imaging setting, Average fluorescence 
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intensity of single Cy3s on PNA is two times of the fluorescence intensity of single Cy3s on 
DNA. The PIFE effect brings an additional advantage to the PNA-based tension sensor in terms 
of signal strength. 
 
Figure 3.3 Evaluating cellular force mapping abilities of tension sensors with DNase-
free platelets  
(A) Tension sensors based on four types of duplexes, dsDNA, PNA/DNA, dsRNA 
(modified RNA) and PNA/RNA, were prepared in an unzipping configuration. For the two 
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hybrid duplexes, PNA is the lower strand which is immobilized on substrates by biotin-
neutravidin interaction. (B) Platelet force maps on the four tension sensor surfaces. Scale 
bar: 10 µm. (C) Signal-to-noise ratios of platelet force maps were evaluated with the 
division quotient of fluorescence intensity of platelets (regions circled by white rectangles) 
and pixel-to-pixel standard deviation of background fluorescence (regions circled by black 
rectangles). Fluorescence intensity of single platelets was obtained by subtracting 
background fluorescence intensity from fluorescence intensity in platelet regions. (D) 
Statistics of signal-to-noise ratios of platelet force maps on four tension sensor surfaces. 
(E) Fluorescence imaging of single Cy3s conjugated to PNA and DNA, respectively. Scale 
bar: 10 µm. (F) Fluorescence intensities of single PNA-Cy3s and single DNA-Cy3s under 
the same imaging settings.  
Modified dsRNA-based Tension sensor exhibits erratic activation in some cell types 
Although dsRNA ITS has strong resistance to DNases and shows good performance in 
platelet force mapping, we found that this tension sensor exhibits erratic activation in some cell 
types. During cellular force imaging in NIH 3T3 cells, a type of fibroblasts, we repeatedly 
observed significant amount of fluorescent signal in a punctate pattern on dsRNA ITS surface 
(Figure 3.4 A). Immunostaining of focal adhesions showed little co-localization between these 
dots and focal adhesions, suggesting that these fluorescent dots are not force signal. In contrast, 
PNA/DNA ITS had normal performance in cellular force mapping of NIH 3T3 cells and reported 
cellular force in a typical streak pattern which is well co-localized with focal adhesions. 
Therefore, the dsRNA-based tension sensor even with the two RNA modifications is still not 
robust in cellular force mapping. The exact reason for this erratic fluorescence activation is 
unknown. A possibility is that NIH 3T3 cells may release RNases that degraded the RNA despite 
its methylation and phosphorothioation, producing local fluorescence signal that is not caused by 
cellular force. Therefore, after all these tests, PNA/DNA duplex is the most robust construct for 




Figure 3.4 dsRNA ITS exhibits non-force signal in NIH 3T3 cells 
 (A) dsRNA ITS produced fluorescent signal in a punctate pattern that has no apparent co-
localization with focal adhesions (immunostained vinculin), suggesting that the fluorescent dots 
are not related with integrin-transmitted cellular force. (B) PNA/DNA ITS reports cellular force 
in a streak pattern which is spatially associated with focal adhesions. Scale bar: 10µm 
Tests of PNA/DNA-based ITS in a variety of cell types 
We have shown that PNA/DNA ITS has high DNase resistance and reliable force-
reporting capability, making it an excellent alternative biomaterial replacing DNA for 
synthesizing tension sensors applicable to the study of cells exhibiting strong DNase activities. 
PNA/DNA ITS has successfully imaged cellular forces in platelets and NIH 3T3 cells. We 
further tested its force-reporting capability with three other cell lines: CHO-K1 cells, HeLa cells 
and MTC cells. All these cells were incubated on PNA/DNA ITS surfaces (co-coated with 
fibronectin) for 2 h, and then fixed and stained with antibody against vinculin and phalloidin. 
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Cellular force maps reported by PNA/DNA ITS, focal adhesions marked by the antibody and F-
actin marked by phalloidin were co-imaged in these cells (Figure 3.5 ). The integrin-transmitted 
cellular force, focal adhesions and stress fibers showed excellent spatial associations, suggesting 
that PNA/DNA ITS reported cellular force properly in these cells. Moreover, owing to the PIFE 
effect, fluorescence intensity of cellular force maps reported by PNA/DNA ITS was enhanced to 
a level similar to that of cellular structural imaging, making cellular force as bright as cell 
structures. These experiments confirmed that PNA/DNA ITS can routinely and robustly report 
cellular forces in various cell types.  
 
Figure 3.5 Co-imaging of cellular force and cell structures with PNA/DNA ITS  
PNA/DNA ITS was applied to cellular force imaging in CHO-K1, HeLa and MTC cells. Focal 
adhesions and F-actin were stained by antibody against Vinculin (secondary antibody is labeled 
with Alexa 405) and phalloidin labeled with Alexa 647, respectively. The fluorescence intensities 
are at comparable levels in three imaging channels, indicating that cellular force reported by 




DNase is ubiquitous in cells and their local environment. DNase I exists in serum (Kishi 
et al., 1990) and organs such as kidney, liver and pancreas. DNase II exists in urine (Yasuda et 
al., 1992) and spleen (Koerner and Sinsheimer, 1957), Membrane-bound DNase is expressed on 
cancer cells and muscle cells. As DNA-based tension sensors have been developed and applied 
to study a wide range of cellular functions, tension sensors with DNase resistance are desired to 
extend cellular force study to cells exhibiting elevated DNase activity. 
In this work, we tested PNA/DNA, chemically modified dsRNA and PNA/RNA as 
alternative biomaterials to develop DNase-resistant tension sensors. These tension sensors were 
evaluated in terms of DNase resistance, cellular force imaging ability and general robustness in 
applications. We found that even with methylation and phosphorothioation, RNA is still not a 
robust biomaterial for tension sensor synthesis and application. In contrast, PNA/DNA hybrid 
duplex shows strong resistance to both soluble DNase and membrane-bound DNase in cells, and 
exhibits high sensitivity and specificity in cellular force imaging of all tested cells. Therefore, 
PNA/DNA provides a valuable and accessible biomaterial to replace DNA for the synthesis of 
tension sensor when its resistance to DNases is required. 
Currently, DNA-based tension sensors are still applicable for a large number of cell types 
that have insignificant DNase activity on cell membrane and in culture environment. However, 
when applying the DNA-based tension sensor to a new type of cells, it is advised to confirm that 
cells do not degrade the sensor or produce false force signal using the RGD-null tension sensor. 
In our tests, we found that cancer cell-lines and macrophages generally have higher probability 
to express DNases on cell membrane. In such case, the PNA/DNA hybrid would be a good 
alternative material for the synthesis of the tension sensor to resist the DNase activity. Overall, 
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PNA-based tension sensors greatly increase the robustness of molecular tension sensors and 
broaden their application in the study of cell mechanobiology. 
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Abstract 
Integrin-transmitted cellular forces have rich spatial dynamics and are vital to many 
cellular functions. To advance the sensitivity and spatial resolution of cellular force imaging, we 
developed force-activatable emitter to report single molecular tension events and the associated 
cellular force nanoscopy (CFN). Immobilized on a surface, the emitters are initially dark 
(>99.8% quenched), providing a low fluorescence background despite the high coating density 
(>2000/µm2) required for sampling cellular force properly. The emitters fluoresce brightly once 
switched on by integrin tensions and can be switched off by photobleaching, enabling continuous 
real-time imaging of integrin molecular tensions in live cells. With multiple cycles of molecular 
tension imaging and localization, CFN reproduces cellular force images with 50 nm resolution. 
Applied to both migratory cells and stationary cells, CFN revealed ultra-narrow distribution of 
integrin tensions at the cell leading edge, and showed that force distribution in focal adhesions 
(FAs) is off-centered and FA size-dependent. 
Introduction 
Cellular forces at the cell-matrix interface have been increasingly recognized as 
important mechanical signals regulating many cellular functions1-3 and physiological processes4, 
5. Force transmission units such as focal adhesions (FAs) and podosomes have been shown to 
have ultra-fine structural features6-9, suggesting that cellular forces may have spatial dynamics at 
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nanoscale. Previously, tremendous efforts have been made to visualize cellular force and 
improve the force imaging resolution. Cell traction force microscopies mapped cellular forces 
with resolution of microns10. Lately, surface-immobilized tension sensors convert force to 
fluorescence, enabling cellular force imaging at diffraction limit11-15. To break the limit, one 
apparent strategy is to image and localize integrin molecular tensions and reconstruct cellular 
force maps at ultra-resolution, similarly to the principle of molecular localization adopted in 
super-resolution light microscopies such as STORM16 and PALM17. However, it is highly 
challenging to image individual integrin tensions at sufficient sampling density with current 
fluorescent tension sensors. The main difficulty originates from the fact that the tension sensors 
have non-zero initial fluorescence but have to be densely immobilized on a surface (>2000/µm2) 
to probe cellular force at ultra-resolution, causing a high fluorescence background unsuitable for 
molecular tension imaging. 
 




In this work, we developed a force-activatable emitter which is practically dark but 
fluoresces brightly once activated by molecular tension (Figure 4.1 ), making it feasible to image 
and localize integrin molecular tensions with sufficient sampling density. Based on this emitter, 
we further developed Cellular Force Nanoscopy, termed CFN, for imaging cellular forces with 
50 nm resolution. The main construct of a force-activatable emitter is a 18mer DNA/PNA 
(peptide nucleic acid18) hybrid duplex labeled with a blackhole quencher 2 (BHQ2), an Arg-Gly-
Arp peptide (RGD)19 as a ligand targeting integrins20, a Cy5 dye, and a biotin for surface 
immobilization (Figure 4.1 ). The Cy5 is quenched by the BHQ2 until the duplex is forcedly 
separated by an integrin-RGD-transmitted tension, which de-quenches the Cy5 and switches on 
the emitter. Compared to the original double-stranded DNA-based tension sensor15, the 
DNA/PNA hybrid is resistant to the degradation caused by DNases expressed by cells21, and 
enhances the fluorescence intensity of Cy5 dyes by two-fold (Figure 4.6 ) potentially due to 
protein-induced fluorescence enhancement22 or stacking-induced fluorescence enhancement23. 
During CFN imaging, the emitters are coated at a surface density >2000/µm2 (Figure 
4.2A, calibrated in Figure 4.7) on a glass surface where cells are plated. Integrin molecular 
tensions are continuously imaged by a TIRFM (total internal reflection fluorescence 
microscope). The initially dark emitters are switched on by local integrin tensions and imaged at 
the single molecule level. The activated emitters are switched off simply by photobleaching 
which naturally occurs during imaging and bleaches single Cy5s in 0.5-1 sec. Therefore, force-
activatable emitters enable CFN by accomplishing the three standard steps in single molecule 
localization microscopy: switch-on, imaging and switch-off (Figure 4.2 A). By imaging and 
localizing integrin molecular tensions in many frames, one achieves CFN by superposing tension 
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locations in multiple frames to reconstruct cellular force images with high resolution (Figure 4.2 
A, Figure 4.8). 
 
Figure 4.2 Principle of CFN and calibration of force-activatable emitter. 
(A) Emitters are coated on a surface at >2000/µm2 (step 1) to provide sufficient sampling 
density for cellular force (step 2). Emitters are sparsely switched on by local integrin tensions 
(step 3), imaged by a TIRFM and switched off by photobleaching (step 4). Multiple imaging 
cycles (step 5) and single molecule localization reconstructs a force map beyond the diffraction 
limit (Step 6). (B) The life time of Cy5 is extended by 120-fold in the proximity of a BHQ2 
quencher. (C) Demonstration of time-lapse imaging of integrin molecular tensions in a 
migrating keratocyte. (D) Ensemble force imaging and time-lapse imaging of integrin 
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molecular tensions in a stationary platelet. (E) The grayscale map of an activated emitter 
(yellow squared region in Figure 4.2 D). 
CFN becomes possible thanks to two previously unrecognized physics effects of a 
BHQ2-Cy5 pair. First, the BHQ2-Cy5 quenching efficiency in this emitter construct is >99.8% 
(calibrated in Figure 4.9), significantly higher than the previously known values calibrated with 
samples in solution24. The strong quenching leads to low fluorescence background despite the 
high emitter surface density. Second, we found that a Cy5 near a BHQ2 becomes highly resistant 
to photobleaching, with its life time extended by 120-fold (Figure 4.2 B, Figure 4.10), likely 
because of the quencher’s protection via fluorescence resonance energy transfer25 or contact 
quenching26. 
We applied CFN to three distinct cell types: anucleate platelets, migratory keratocytes 
and stationary HeLa cells. In Figure 4.2 C, a keratocyte produced individual Cy5 fluorescent 
spots in a good density, showing an optimal switch-on rate. Photobleaching step analysis shows 
that >80% fluorescent spots are single Cy5s (Figure 4.11). The co-imaged F-actin is spatially 
correlated with Cy5 spots, suggesting that the emitters are likely switched on by cellular force 
originating from F-actin. To further confirm that the emitters were activated by integrin tensions, 
keratocytes were tested on emitters without integrin ligands that showed no emitter switch-on. 
(Figure 4.12).  
In Figure 4.2 D, 100 imaging frames of integrin molecular tensions were continuously 
acquired in a platelet. By localizing integrin tensions in each frame and superposing 20 frames 
into one, we obtained CFN images of the platelet. Compared to the rather homogeneous 




We analyzed the precision of tension localization based on an activated emitter in Figure 
4.2 D that was selected and displayed in Figure 4.2 E. The emitter image shows 11.3 signal-to-
noise ratio (SNR) defined as the ratio between the peak fluorescence intensity of a dye in pixels 
and the standard deviation of the background noise. This leads to 7.3 =  nm precision of single 
molecule localization (refer to supplementary text), and theoretic spatial resolution of 2.35 17 =  
nm for CFN. 
Using CFN, we explored the ultra-fine force patterns in lamellipodia and FAs. In Figure 
4.3, integrin molecular tensions and F-actin dynamics of a migrating keratocyte stained with 
Phalloidin-Alexa 594 by electroporation were co-imaged with 100 frames across 50 seconds in 
real time (Figure 4.3A). Integrin molecular tensions in all frames were localized and superposed 
to a CFN movie (20 frames per CFN image) (Figure 4.3A). In the CFN movie, the force pattern 
under the lamellipodium consists of two distinct regions, with discrete radial streaks under the 
cell body, and a smooth and narrow line at the very cell front. Integrin tensions in streaks, 
colocalized with F-actin, are likely generated by actomyosin which is one of major force sources 
for integrin tensions27. We speculate that the integrin tensions in the front line are counteracting 
force supporting actin polymerization that pushes cell boundary forward at the leading edge. To 
verify above hypothesis, we inhibited actomyosin and actin polymerization with blebbistatin and 
cytochalasin D, respectively (Figure 4.3B). Inhibiting actomyosin abolished integrin tensions in 
streaks, but not those in the front line. Oppositely, inhibiting actin polymerization abolished 
integrin tensions in the front line, but not those in streaks (Figure 4.3C). These results suggest 
that integrins in the cell leading edge are under tension to support local actin polymerization. 
Their distribution is consistently narrow and can be down to 50 nm (shown later in Figure 4.5 B), 




Figure 4.3 CFN imaging of integrin tensions under a lamellipodium in migrating 
keratocytes. 
 (A) Single integrin tensions and F-actin were co-imaged. Molecular tensions were localized in 
each frame (lower left). Every 20 analyzed frames were superposed to a CFN image (lower 
middle), and merged with F-actin to show the force-structure relation at high resolution. The 
force pattern consists of a front-line region and streak regions co-localized with F-actin. (B) 
CFN images of keratocytes treated with: DMSO as control (left), 20 µM blebbistatin inhibiting 
myosin II and 300 nM cytochalasin D inhibiting actin polymerization. (C) Force distribution 





Figure 4.4 CFN images of force in focal adhesions under one HeLa cell. 
 (A) Co-imaging of integrin molecular tensions and GFP-fused integrin β3. (B) CFN image 
based on 20 frames (2 min) in a focal adhesion moving towards left (boxed region in Figure 4.4 
A). (C) Normalized curves of force and integrin distributions in the boxed region in (B) along 
longitudinal direction. (D) CFN images based on 100 frames (10 min) in FAs. (E) Lateral width 
analysis of the FA and force distribution in the boxed region in (D). (F) The lateral widths of 




Next, we applied CFN to study integrin tensions in FAs. Figure 4.4 A shows a typical 
process of CFN imaging over FAs, co-imaged with integrin β3 marking FAs. The integrin 
tensions were consistently situated within FAs. Compared to the ensemble force images (Figure 
4.13), CFN images of FAs showed that integrin tensions are not homogeneously distributed in 
FAs. In motile FAs, integrin tensions are preferentially situated at the leading regions of FAs 
(Figure 4.4 B-C), suggesting that cellular force is off-centered in FAs. We then analyzed the 
width of force distribution in FAs and found that it generally matches the structural width of FAs 
if the structural width is above 1 µm. Below 1 µm, however, integrin tensions could cluster in a 
thin line narrower than the FA width (Figure 4.4 D-F), suggesting that FAs have mechanism to 
concentrate integrin tensions to a much narrower region. 
At last, we evaluated the practical spatial resolution of CFN. First, we calibrated the 
precision of single molecule localization by tracking single surface-immobilized Cy5s across 
multiple frames and obtained ~ 18 nm precision   (Figure 4.5 A, Figure 4.14). The spatial 
resolution of CFN is therefore predicted as 2.35 42 = nm. Next, we evaluated the practical spatial 
resolution of CFN by calibrating ultra-fine force patterns produced by cells. The keratocyte 
generated integrin tensions in the front line with a standard deviation 21 = nm of the tension 
locations to a fitted curve (Figure 4.5 B), indicating that the spatial resolution of force imaging is 
finer than 2.35 49 = nm. In HeLa cells, we constantly obtained integrin tensions situated in thin 
lines in narrow FAs, with 20~30 nm   to the fitted lines, suggesting that the spatial resolution of 
CFN reaches 50 nm (Figure 4.5 C). In addition, we also observed some unique ring-shaped force 
patterns with a diameter of 200-300 nm out of FAs in HeLa cells (Figure 4.5 D). These forces 
may be produced by nascent FAs or endocytosis28. Although the source and mechanism of this 
type of forces await further investigation, these force patterns were used to calibrate the spatial 
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resolution of CFN which is around 50 nm (Figure 4.5 D). Currently, about 3% of emitter 
activations are false force signal due to the duplex spontaneous dissociation. The false signal can 
be eliminated by an “anti-bunching” check (Figure 4.15), and longer duplex would likely reduce 
the false signal rate. 
 
Figure 4.5 . Calibration of CFN Resolution. 
(A) Single emitter tracking analysis yields 18 ± 3 nm precision in localizing activated emitters. 
(B) 49 nm spatial resolution of CFN was calibrated on the basis of the ultra-narrow force 
distribution (yellow boxed) in a migration-impeded keratocyte. (C) 54 nm resolution of CFN 
was calibrated on an ultra-thin force pattern in a FA. (D) 50-60 nm resolution was calibrated on 
the basis of integrin tensions in circular patterns. σ was evaluated as the standard deviation of 





In summary, we developed low-background force-activatable emitter to image single 
integrin tensions in live cells in real time. Based on molecular tension localization enabled by 
this emitter, we developed CFN for cellular force imaging in live cells with 50 nm resolution. 
CFN has been demonstrated to be a powerful and convenient tool that enables the study of 
cellular forces at nanoscale in live cells, bridging the resolution gap between cell structural 
imaging and cellular force imaging, and creating new possibilities for the study of cell 
mechanobiology. 
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Supplementary Information for Chapter 4 
Materials and Methods 
All methods described here have been approved by the Institutional Animal Care and Use 
Committee (IACUC) of Iowa State University, with Log # 8-16-8333-I for keratyocte study and 
Log # 1-17-8417-BK for platelet study. 
DNA and PNA customization 
The force-activatable emitter is synthesized by hybridizing a DNA upper strand and a 
PNA lower strand. The DNA was customized and purchased from Integrated DNA 
Technologies. The PNA was customized and purchased from PNA Bio Inc. Their sequences and 
modifications are (from 5’ end to 3’ end): 
DNA upper strand: /5ThioMC6-D/GGG CGG CGA CCT CAG CAT/3BHQ_2/ 
PNA lower strand: Cy5-O-ATG CTG AGG TCG CCG CCC-KKKK(Biotin) 
DNA upper strand is conjugated with RGD before hybridizing with PNA, producing to a 
product: /RGD/GGG CGG CGA CCT CAG CAT/3BHQ_2/. The conjugation protocol is in next 
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section. In these two strands, /5ThioMC6-D/ represents a thiol modification at 5` end that is used 
for RGD conjugation. /3BHQ_2/ represents a Black Hole Quencher 2. O in PNA is an ethylene 
glycol to increase PNA solubility in water. The four “K” are lysines also increasing solubility 
and providing a longer linker to facilitate surface immobilization by biotin-neutravidin 
interaction. The PNA is dissolved in 20% DMSO+ 80% PBS. 
RGD-DNA conjugation  
The detailed process of conjugating RGD to the DNA strand can be found in 1, 2. In brief, 
a reduction solution of 50 mM TCEP-HCl (C4706, Sigma) and 50 mM 
ethylenediaminetetraacetic acid (EDTA) in PBS (phosphate buffered saline) at PH 7.4 is 
prepared. 10 µL TCEP+EDTA solution is added to 20 µL 1 mM thiol-DNA-BHQ2 in PBS and 
reacted for 40 min at room temperature. The disulfide bond in the /5ThioMC6-D/ modification 
of the DNA is cleaved and the thiol group is exposed for conjugation. 
10 mg RGD-NH2 (PCI-3696-PI, Peptides International) is dissolved in 200 µL ultrapure 
water to prepare 11 mM RGD-NH2 solution. Add the 200 µL RGD-NH2 solution to 2 mg sulfo-
SMCC (A39268, no-weight format, Thermo Fisher Scientific) while ultrasonicating the SMCC 
tube to facilitate dissolving. Incubate the RGD-NH2 and sulfo-SMCC solution for 30 min. 
Mix the DNA and RGD-SMCC solutions. Allow it react for 1 h at room temperature and 
then overnight at 4 ºC. Perform ethanol precipitation to remove unreacted SMCC, RGD and 
TCEP. Electrophoresis by acrylamide gel can be applied to further purify RGD-conjugated DNA 
by removing unreacted DNA. The process can be found in 1. RGD-DNA in PBS can be stored at 




Synthesis of force-activatable emitter by hybridizing RGD-DNA and PNA 
Force-activatable emitter was synthesized by mixing the RGD-DNA-BHQ2 and Cy5-
PNA-biotin at molar ratio 1.2:1 with final emitter concentration above 10 µM in PBS. Note that  
The DNA is: /RGD/GGG CGG CGA CCT CAG CAT/3BHQ_2/ 
And the PNA is: Cy5-O-ATG CTG AGG TCG CCG CCC-KKKK(Biotin) 
The tube with the mixture is wrapped in aluminum foil and dipped in water at 70oC in a 
beaker, and let to gradually cool down to room temperature on a bench. The emitter can be 
aliquoted and stored at -20oC in long term or stored at 4oC for up to a month. 
Glass pegylation 
Glass coverslips are passivated with polyethylene glycol (PEG) to make ultraclean 
surfaces 3, 4. 20% of the PEG was biotinylated for emitter immobilization. Briefly, the coverslips 
are cleaned and functionalized by pure water, acetone and 1M KOH successively. Afterwards, 
the glass is incubated with 3-Aminopropyltriethoxysilane (A0750, United Chemical) in methanol 
which functionalizes the coverslips with amine groups. mPEG-SVA (MW 5,000, Laysan Bio, 
Inc) and biotin-PEG-SVA (MW 5,000, Laysan Bio, Inc) are dissolved in 100mM sodium 
bicarbonate at final concentrations 200 mg/mL and 50 mg/mL, respectively, and coated on the 
amine-functionalized coverslips. PEG molecules are grafted on the coverslips by reacting with 
amines. To save PEG material, an 80 µL droplet of PEG is sandwiched between two coverslips 
to coat both coverslips. The coverslips are reacted for 4 h in room temperature, washed 
individually by water and stored in vacuumed cases for future use. 
Assemble a petridish with a pegylated coverslip as the bottom  
A piece of pegylated coverslip was cut to proper size. UV curable resin epoxy glue was 
applied onto the bottom rim of an empty bottom petri dish. Glue the coverslip to petri dish. Cure 
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the petri dish with UV light for 30 min. The petridish is ready for emitter coating and CFN 
experiments. 
Coating force-activatable emitters on pegylated coverslips 
100 µg/ml neutraAvidin (31000, Thermo Scientific) in PBS is incubated on pegylated 
coverslip for 30 min. The coverslip is washed by PBS twice by tilting the hydrophobic PEG 
surface to let PBS roll off. 10 µL×1 µM emitter in PBS is dropped at the center of the coverslip 
and incubated for 1 h. The incubation should be performed in a wet box to prevent the emitter 
solution from drying. Next, after washing the surface with PBS, 200 µL ×10 µM RGD-biotin 
(PCI-3697-PI, Peptides International) in PBS is incubated onto the emitter surface for 30 min. 
This is an important step as the RGD-biotins on the surface are stable ligands supporting cell 
adhesion and minimizing the perturbation of emitter switch-on (which negates an integrin 
molecular tension) to cells. 
Platelet sample preparation 
The details of platelets culture can be found in 5. In brief, platelet-rich plasma (PRP) is 
extracted from canine blood. The PRP is centrifuged at 800 RCF for 8 min. Supernatant is 
discarded and platelets are resuspended in Ham’s F12 (HFL05-500ML, Caisson) at concentration 
of 20,000/µL. ADP (Adenosine di-phosphate) at a 10 µM final concentration was added to 
platelet solution to activate platelets. The activated platelets are plated and incubated on the 
emitter surface for 10 min at 37 °C before imaging. 
Test keratocytes on emitter-coated surfaces  
The detailed process of harvesting and culturing fish keratocytes can be found in 6. A fish 
scale is plucked from a goldfish (Carassius auratus) and gently pressed onto a petri dish. Wait for 
30 sec for the fish scale to well adhere and then add 2 mL culture medium (79% IMDM + 20% 
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fetal bovine serum (FBS) + 1% Penicillin/Streptomycin) into the petri dish. Keratocytes should 
migrate out of the fish scale after 12 h and be ready to use for another 24 h. 
To plate keratocytes on an emitter-coated surface, keratocytes are detached by EDTA cell 
detaching solution (100 mL of 10× Hanks' Balanced Salt Solution (HBSS) + 10 mL of 1 M 
HEPES (pH 7.6) + 10 mL of 7.5% sodium bicarbonate + 2.4 mL of 500 mM EDTA +1 L of 
H2O. pH 7.4.). After being treated with EDTA solution for 3~5 min, most keratocytes become 
round and weakly attach to the surface. Gently suck out the EDTA detaching solution while not 
detaching keratocytes. Add 100 µL ~ 1 mL keratocytes culture medium to detach and resuspend 
keratocytes to make the cell solution. The cell solution is coated on emitter surfaces and 
incubated for 0.5~1 h prior to imaging. 
For electroporation: Follow Phalloidin labeling with electroporation step. 
Labeling keratocyte with Phalloidin by electroporation 
In order to visualize the actin dynamics and force events simultaneously, electroporation 
was performed to introduce Phalloidin conjugated with fluorescent dye into keratocytes. 15 µL 
electroporation buffer (45-0801, BTX), 5 µL [7.5 μM deoxy-ATP, 7.5 μM deoxy-GTP, and 5 
μM deoxy-CTP in water] and 1 µL 3 U/mL AlexaFluor594-Phalloidin (12381, Invitrogen) are 
premixed for 15 min to make 21 µL electroporation solution. deoxy-ATP, deoxy-GTP, deoxy-
CTP were used to prevent phalloidin aggregation 7. 
After the treatment with EDTA detaching solution on keratocytes, gently suck out EDTA 
solution and then add 20 µL electroporation solution onto the keratocytes. Pipette the solution to 
detach the cells. The electroporation solution with cells is collected to an electroporation cuvette 
with 1 mm gap and electroporated with two square wave pulses at 60 V, 20 ms band width and 
20 sec interval using an electroporator (ECM 830, BTX). After the electroporation, 200 µL 
keratocytes culture medium is added to the electroporated cells. The cells are plated and 
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incubated on an emitter-coated surface for 0.5~1 h. Prior to imaging, the culture medium is 
changed 5 times to get rid of phalloidin outside keratocytes. 
Inhibitor treatments 
Inhibitor treatments are performed during imaging. After locating a cell of interest, add 
culture medium with inhibitors to make the final concentration of 20 µM for blebbistatin 
(B0560-1MG, Sigma) or 300 nM for Cytochalasin D (PHZ1063, Invitrogen). Time-elapse 
imaging is performed immediately. Within 10 min after inhibitor treatment, keratocytes became 
wider with blebbistatin and migrated more slowly with cytochalasin D, exhibiting the efficacies 
of the two inhibitors. 
HeLa cell transfection 
In order to co-image FAs and their integrin tensions, HeLa was transfected with either 
mEmerald-Integrin-Beta3-N-18 (54130, Addgene) or pCFP Paxillin (50510, Addgene). For 
HeLa cells cultured in 35mm plastic petri dish, 18~24 h after cell passaging, 3 µg of plasmid was 
mixed with 500 µL Opti-MEM culture media (11058021, Gibco) and then mixed with 4 µL 
Lipofectamine LTX (15338-030, Invitrogen). The mixture was incubated for 25min and then 
added to the petri dish of HeLa cells. 
24 h after transfection, transfection rate was checked under a microscope.  
Test HeLa cells on emitter-coated surfaces 
On the day of CFN imaging, HeLa cells were rinsed with EDTA detaching solution once 
and incubated in EDTA detaching solution for 10 min at 37 ºC. The cells were then collected by 
pipetting and centrifuged at 300 RCF for 3 min. Discard the supernatant and resuspend cells in 
complete culture medium (79% DMEM (10-017-CV, Corning) + 10% FBS + 1% 
Penicillin/Streptomycin). Adjust the cell density to 1000,000/mL and culture them on emitter-
coated PEG surfaces at 37 °C for 1~2 h prior to imaging. 
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Single molecule imaging with a total reflection fluorescence microscope (TIRFM) 
Single molecule imaging of integrin molecular tensions reported by force-activtable 
emitters was performed using a Nikon Eclipse Ti-2 microscope with a 100× TIRF lens (150× 
magnification with a 1.5× tube lens). After locating an area of interest, continuous 100% laser 
power was used to pre-bleach the surface for 10 sec to remove the already switched-on emitters. 
Afterwards, single molecule imaging was performed with 50% laser power. The exposure time 
was set as 100 ms to 1 sec and the time interval between movie frames is recommended to be 
5~30 s depending on cell types. For fast migrating keratocytes, the frame interval for F-actin 
imaging is 10 times of the frame interval for integrin tension imaging to quicken imaging 
process. Therefore one F-actin image is acquired every ten frames of integrin tension imaging.  
Ensemble cellular force imaging 
If ensemble cellular force imaging is desired, it can be performed with a low laser power 
without pre-bleaching process. All emitters switched on in the past will be imaged in one frame 
and single emitters are not distinguishable. 
Localizing integrin tensions by single molecule localization 
We use the STORM-analysis program developed by X. Zhuang’s group to analyze single 
molecular tension events (https://storm-analysis.readthedocs.io/en/latest/). Movies of single 
integrin tension imaging were first exported as Tiff image files. Analysis of the images was 
performed by the jupyter notebook script in storm-analysis program. The principle of this 
program is to compute the centers of individual fluorescent spot above a threshold with a curve-
fitting algorithm 8 and record their coordinates in .hdf5 files. 
After acquiring the locations of integrin tensions represented by the centers of fluorescent 
spots, we developed Matlab code to re-construct super resolution force images or movies from 
the .hdf5 files. The code extracts coordinates of force events from .hdf5 files and present them as 
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bright dots (or “+” symbols) in an image with a specified size. The force events within certain 
time, such as every 1 min, can be superposed into one movie frame and all the reconstructed 
frames produce a movie to show the cellular force dynamics at superresolution. 
Matlab codes for reconstructing superresolution cellular force images or movies are 
available upon request. 
Supplementary Text 
Theoretic analysis of single molecule localization precision with a background of 
incompletely quenched dyes at a high surface density 
CFN is applied to detect and localize single molecular tension events at the cell-substrate 
interface with sufficient sampling density for detecting integrin tensions, requiring a substantial 
spatial density of force-activatable emitters immobilized on the surface. In this paper, the emitter 
density was calibrated to be around ρ=2200/µm2. The quenching efficiency of Cy5 in the emitter 
is 99.8%. Although the quenching efficiency is very strong, emitters at high density still gives 
rise to a considerable fluorescence background and noise. Here we evaluate the localization 
precision of a de-quenched Cy5 (an activated emitter) against such fluorescent background. 
The background fluorescence noise contributed by emitters is from two sources: The shot 
noise of photon fluctuation within each pixel 
pixelN , and the inhomogeneous distribution of 
emitters on the surface that can be described as Poisson distribution in each pixel. Under current 
imaging setting, each pixel in the camera is corresponding to 2 0.11 0.11a =   µm2 physical size 
of the emitter-coated surface. Therefore, 
( )2 20 1 0.11 2200 14000 0.2% 745pixelN a N Q= − =    = , where 0N is the collected photon 
number of a Cy5, with a typical number 14000 in 0.5 sec exposure time, and 99.8%Q =  is the 
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quenching efficiency of Cy5 by BHQ2 quencher in the construct of a force-activatable emitter. 
Hence, the shot noise due to photon fluctuation within a pixel is
1 745 27pixelb N= = = . 
Another noise source is the Poisson distribution of emitters within pixels on the surface. 
The average number of emitters within a pixel is 
2 26.6n a = =  with a fluctuation of 5.2n = . 
Because photons from each emitter (with 99.8% quenching efficiency) are spread over a region 
by a spread function with stand deviation s  ( 125s =  nm for Cy5 imaged by a 100× oil lens), the 
fluorescence noise in one pixel is contributed by the emitter number fluctuation n  from that 
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fluorescence received by a pixel from an emitter located in that pixel. Therefore, the background 
pixel-pixel noise ( ) 22 0 ,1 i jb Q N w a = −  . Approximately,
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Collectively, the theoretic photon noise in one pixel is 2 2
1 2 43b b b= + =  photons. Thompson, 
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where the first term (due to photon shot noise of a single dye) and second term (due to the 
finite size of the detector) typically lead to 1-2 nm precision. The third term caused by the 









 = = nm.  
In summary, the theoretic localization precision in CFN is at nanometer scale even with 
an emitter coating density of 2200/µm2. 
Analysis of single molecule localization precision with a calibrated signal-to-noise 
ratio between individual dyes and background. 
Above localization precision analysis is only based on photon noise from emitters, and 
represents the precision limit under ideal experiment conditions. However, we detected higher 
fluorescence noise than predicted one in practical situation. The extra noise may originate from 
the cell culture environment. Therefore, a more practical means for the evaluation of localization 
precision is to find the signal-to-noise ratio (SNR) experimentally and determine the practical 
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In the single molecule images, we define SNR as the ratio between the peak grayscale of 
fluorescence of an activated emitter in pixels and the standard deviation of background grayscale 
in pixels. Since b is the background standard deviation with unit of photon number, and 0N  is the 
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For / 0.88a s = = ,
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= = , leading to 2.35 17 =  nm as the limit of spatial resolution of CFN. 
The theoretic effect of the molecular linker length on CFN resolution 
The sensor is immobilized with PEG-biotin-NeutrAvidin-biotin linker. Biotin is a small 
molecule with a nanometer size. The diameter of a netravidin molecule is about 5 nm10 and the 
length for a 18bp dsDNA in solution is about 6 nm11. The 5 kDa PEG molecule we used has 
Flory radius 4.8 nm and contour length 31.8 nm12. The length of PEG under cellular force that 
activates the sensors (12pN) is 60% of the contour length13: 31.8×60% = 19 nm. The total length 
of the linker is: 19 + 6 + 5 nm = 30 nm. Therefore, in theory, the linker length may reduce CFN 
resolution to a large extent. 
In this work, the experimentally calibrated 50 nm resolution has already included the 







Figure 4.6 Fluorescence intensity comparison between single PNA-Cy5s (no quencher) and 
DNA-Cy5s (no quencher) under identical imaging setting 




Figure 4.7 Surface density calibration of force-activatable emitters. 
(A) Emitters without quencher (Cy5) at same coating density were imaged under the same laser 
power but with different exposure times. (B) Average fluorescence intensities of Cy5s are plotted 
versus exposure times of imaging, showing the intensity of a Cy5 is linear to exposure time. 
Each data point is based on 20 Cy5s. (C) Emitters without quencher were imaged at 5% laser 
power for 2 sec. Total fluorescence intensity (sum of intensity in 5×5 pixels for each fluorescent 
spot) of single Cy5 under 2 sec exposure time was evaluated as 25384. The average pixel 
intensity over background of 3 µM PNA-Cy5 coating under 10 ms exposure time was 3260. 
91 
 





 =  ,where 
pixell is the length of a pixel, sT and cT are the exposure time for single molecule imaging and 3 
µM PNA-Cy5 imaging, respectively. sI is the total intensity contribution from one single Cy5 
and cI is the average pixel intensity for 3 µM PNA-Cy5 coating. Let A to be 1 µm
2, the coating 
density is estimated as 2123 /µm2. The corresponding average spacing between sensors is 23.3 





Figure 4.8 Schematics of reconstructing CFN images. 
Locations of integrin molecular tensions represented by the centers of fluorescent spots in the 




Figure 4.9 Quenching Efficiency calibration. 
3 µM emitters with quenchers (left) and 3 µM emitters without quencher (right) were coated on 
two PEG surfaces, respectively. In emitter coated region, only area without bright dots are 
chosen to avoid spontaneous dissociated emitters. With quenchers, average fluorescence in the 
coated region is 1079 (grayscale) with 2 sec exposure time for imaging after background 
subtraction. Without quenchers, average fluorescence in the coated region is 3336 (grayscale) 




− = . 
Note that the fluorescence spots in the left image are spontaneously activated emitters due to 
duplex dissociation. These fluorescent spots are excluded from the calculation of fluorescence 




Figure 4.10 Photobleaching lifetimes of Cy5 and Cy5 near BHQ2 (in a force-activtable 
emitter). 
Photobleaching curves of areas coated with emitters (left) or emitters without quenchers under 
the same laser power. Using exponential decay fitting, we obtained the average lifetimes of Cy5 
near BHQ2 and Cy5 as 64.5s and 0.55s, respectively, showing that the lifetime of Cy5 near 
BHQ2 is extended by 120 times. In addition, data fitting by these two curves also reports the 




− = , confirming the high quenching efficiency in the 




Figure 4.11 Bleaching curves of fluorescent spots. 
(A) The intensity curves of emitters switched on by integrin tensions. (B) 80% of the dots have 




Figure 4.12 Keratocytes migrating on emitter surfaces without (upper) and with RGD 
(lower) conjugated on the emitter. 
Emitters without RGD were not activated by the keratocyte but emitters with RGD (integrin 




Figure 4.13 Comparison between ensemble force imaging and CFN imaging. 
Ensemble force imaging was conducted on the same surface prior to CFN imaging. Ensemble 
force imaging uses low laser power and long frame interval without switch off activated emitters. 
So all activated emitters in the past are imaged and they are not individually distinguishable. 
CFN imaging shows that integrin tensions within FAs is not uniformly distributed. Fine patterns 




Figure 4.14 Localization of one fluorescent dot for consecutively 20 frames. 
 (A) One example of localization precision and single Cy5 tracking across multiple frames. The 
standard deviation σ was calculated as 
2 2
x y + . Here 
5.4x = nm, 
7.1y = nm. We got 





Figure 4.15 Evaluating false force signals due to emitter spontaneous dissociation. 
The emitters as duplexes may spontaneously dissociate by time, thus producing false force 
signals. Here we used keratocytes to estimate the false force signal rate in cellular force imaging. 
The Figure shows the locations of activated emitters localized from 50 frames of images (T=15 
s). In sampled area (purple), there was no cells and the emitter activation should be due to the 
duplex spontaneous dissociation. With the total emitter count as 457sN = , and the sampled 
area as 
21190sA m= , spontaneous activation rate is 
𝑵𝒔
𝑨𝒔∙𝑻
=0.0256 count/µm2∙sec. In contrast, 
the cell area is
2793CA m=  and has an emitter count of 𝑵𝒄 = 10859. Therefore, emitter 






=0.89 count/µm2∙sec. Overall, about 2.9% of the 
emitter activations under cells were due to duplex spontaneous dissociation. 
Because integrin tensions usually take place in a good density, in CFN image reconstruction, we 
performed an “anti-bunching” analysis to eliminate spontaneously activated emitter by this 
criteria: For any activated emitter in one image, if there is no other activated emitter in the 
proximity (a range with a radius of 2 µm), this isolated emitter is treated as a false force signal 
and discarded from CFN images. 
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CHAPTER 5.    GENERAL CONCLUSION 
We tested the fine distribution of integrin tension of fish keratocytes with ITS, created 
DNase-resistant ITS that is resistant to both dissolved and membrane-tethered DNase while 
being capable of reporting cellular forces normally, and developed cellular force nanoscopy at 
super-resolution level. The observation fine distribution of cellular force of fast migrating cells 
extends our understanding of its function on cell migration and the relation between cellular 
structures with cellular force. The development of new tools will facilitate the detection of 
cellular force in more general environments with better resolution. 
Although cellular force distribution under fast migratory keratocytes is clearly calibrated 
on glass bottom petri dish, the distribution and physiological functions of cellular forces on 
migratory cells in vivo are still far from being fully understood. The real ECM contains various 
types of heterogeneous constraints1, which are more complex than 2D flat glass surface. The 
constraints include adhesive fibers such as collagen and fibronectin, geometrical constraints such 
as thin capillaries, and the interaction with other cells. Some cancer cells switch migration 
strategies to adapt to different environmental constraints during metastasis2. This is facilitated by 
the cooperation of chemical and physical processes of the cells3. Cellular forces during this 
process are transduced not only by integrin, but also other proteins such as cadherin, selectin or 
even non-specific adhesions. Attempt to detect these forces is challenging due to several reasons: 
Firstly, the delivery of the cellular force sensors to real tissue is not straight forward. Animal 
body constantly degrade materials with different enzymes. The tension sensors may even be 
attacked by immune system if recognized as foreign molecules. It’s hard to keep a relatively 
stable concentration and status of the tension sensors. Genetic technology that introduce plasmid 
that can instruct the production of protein tension sensors might be a solution4 given the protein 
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tension sensor doesn’t interference with the normal function of the cells and tissues. The second 
challenge is the microscopy. The penetration depths are 0-700µm for wield-field microscopy, 0-
1000um for confocal microscopy and several millimeters for multiphoton microscopy5, 6. These 
are far below the size of a normal mammal body. Tissue slicing technique or intravital 
microscopy7 might be used for imaging on tissue or live animal. Last but not the least, the 
analysis of the data is difficult. The detection of cellular force in vivo will probably rely on 
fluorophore. The dynamic environment in tissues may constantly change the level of 
fluorescence in a cellular force independent manner, such as degradation, background noise or 
fluid flow. The cellular force independent fluctuation must be considered during the analysis and 
calculation of cellular force distribution and magnitude. After overcoming these obstacles, a 
tension sensor that enables the cellular force detection in vivo will be helpful to the 
understanding of the role cellular force plays in cell migration in tissues.  
ITS currently provides us only binary information about whether there is integrin tension 
above a certain threshold at a place. It doesn’t tell us exactly how large the integrin tension is. 
For example, ITS with 12 pN threshold cannot distinguish 30 pN and 40 pN cellular force since 
both can activate the ITS, resulting in similar fluorescent signal. The magnitude of cellular force 
can be detected by Forster Resonance Energy Transfer (FRET)-based tension sensors8, which 
transform cellular force to FRET ratio. However, FRET-based tension sensor is based on the 
energy transfer between two fluorophores and thus the bleach of either fluorophore will 
influence the read of the ratio and the calculation of force magnitude. Besides, FRET has higher 
background noise because the fluorescence is not quenched, which lowers its signal-to-noise 
ratio. Hopefully there will be sensors that calibrates the accurate values of cellular forces with 
spatial resolution exceeding optical limits near future. 
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CFN has the resolution exceeding optical limits but its application is limited at the current 
stage. CFN relies on force activatable emitters and TIRF microscopy to realize single molecular 
detection and fluorescent bleaching with strong laser. This constrains its usage to glass substrate. 
However, sometimes the experiments should be performed on soft substrates with 
polydimethylsiloxane (PDMS) or polyacrylamide gel9, which are not compatible with TIRF 
imaging. Confocal microscopy might be a solution for this challenge. CFN may expand its usage 
in other ways. On one hand, current CFN is limited to one fluorophore (Cy5) and one ligand 
(RGD), which is applicable to the detection of integrin force transduction. If another fluorophore 
is used with low photostability, as well as ligand for other transmembrane protein is conjugated 
on the force-activatable emitters, it will be straightforward to detect cellular forces transduced by 
different proteins at the same time. On the other hand, CFN doesn’t have the capability of 
reporting the direction of cellular force since the fluorescence detected doesn’t have predicted 
anisotropy. Recently, cellular force orientation probe has been developed10 and hopefully this 
technology can develop into a super resolution version. 
Cell and tissue functions are always facilitated by not only biochemical process but also 
physical process. With the development of new tools to detect cellular force in higher dimension 
with higher resolution, the distribution, dynamics and effect of cellular force will be gradually 
discovered. 
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APPENDIX A.    CELLULAR FORCE NANOOSCOPY CODING 
The cellular force nanoscopy uses the code of STORM analysis (from Xiaowei Zhuang’s 
group: http://zhuang.harvard.edu/) to locate single fluorescent spot and output the coordinates as 
.hd5 files. We wrote MATLAB codes to collect the location data and assemble a picture or 
movie of cellular force nanoscopy. The analysis of single fluorescent spot coordinates with 
STORM-analysis can be found in Xiaowei Zhuang’s group website. Here we attach the coding 
for picture or movie assembly. 
Picture Assembly 
clear(); 
hdf5name = 'lab5.hdf5'; 
output_name = 'imout.tif'; 
output_name_no_fix = 'imori.tif'; 
start_frame = 0; 
end_frame = 20; 
distance_threshold = 1; 
n_points = 30; 
range1 = 10; 
  
index = 1; 
scale = 1; 
sigma = 1; 
sigma2 = scale * 10; 
imwidth = 512; 
imheight = 512; 
weight = 60000; 
im_ori(1:imheight*scale,1:imwidth*scale) = uint16(0); 
im_out(1:imheight*scale,1:imwidth*scale) = uint16(0); 
  
index = 1; 
for k = [start_frame, end_frame] 
    group_name = sprintf('/fr_%d',k); 
    xdata_name = sprintf('%s%s',group_name,'/x'); 
    ydata_name = sprintf('%s%s',group_name,'/y'); 
    xdata = h5read(hdf5name,xdata_name); 
    ydata = h5read(hdf5name,ydata_name); 
     
    xdata = xdata * scale; 
    ydata = ydata * scale; 
    for j = 1:length(xdata) 
        xx = floor(xdata(j)); 
        yy = floor(ydata(j)); 
        x_low = max(1,xx - floor((sigma2 - 1) / 2)); 
        x_high = min(xx + floor(sigma2/ 2),imwidth * scale); 
        y_low = max(1,yy - floor((sigma2 - 1) / 2)); 
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        y_high = min(yy + floor(sigma2/ 2),imwidth * scale); 
        im_ori(y_low:y_high, x_low:x_high,index) = im_ori(y_low:y_high, 
x_low:x_high) + weight * 5; 
    end 
    index = index + 1; 
end 
  




for j = 1:n_points 
    [x, y] = ginput(1); 
    ax = x-range1; 
    ay = y-range1; 
    bx = x+range1; 
    by = y+range1; 
     
    record_x = []; 
    record_y = []; 
     
    im_ori(1:imheight*scale,1:imwidth*scale) = uint16(0); 
    im_out(1:imheight*scale,1:imwidth*scale) = uint16(0); 
    for i = start_frame:end_frame 
         
        if mod(i,100) == 0 
            disp(i) 
        end 
        %input data 
        group_name = sprintf('/fr_%d',i); 
        xdata_name = sprintf('%s%s',group_name,'/x'); 
        ydata_name = sprintf('%s%s',group_name,'/y'); 
        xdata = h5read(hdf5name,xdata_name); 
        if isempty(xdata) 
            continue; 
        end 
        ydata = h5read(hdf5name,ydata_name); 
        selected = xdata>ax & xdata<bx & ydata >ay & ydata<by; 
        xxdata = xdata(selected); 
        yydata = ydata(selected); 
        record_x = cat(1,record_x, xxdata); 
        record_y = cat(1,record_y, yydata); 
         
    end 
    % record_x = record_x'; 
    % record_y = record_y'; 
    % outt = cat(2,record_x,record_y); 
    if size(record_x) > end_frame - start_frame + 1 
        continue; 
    end 
    delta_x = (0:size(record_x) - 1) * (record_x(1) - record_x(end))... 
        / (end_frame - start_frame); 
    delta_y = (0:size(record_x) - 1) * (record_y(1) - record_y(end))... 
        / (end_frame - start_frame); 
    % record_x = record_x + delta_x'; 
    % record_y = record_y + delta_y'; 
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    selected = record_x < mean(record_x) + 2*std(record_x) & record_x > 
mean(record_x) - 3*std(record_x) ... 
        & record_y < mean(record_y) + 2*std(record_y)& record_y > 
mean(record_y) - 3*std(record_y); 
    record_x = record_x(selected); 
    record_y = record_y(selected); 
    record_out = cat(2,record_x,record_y); 
    sigm(j) = sqrt(std(record_x)^2 + std(record_y)^2); 
    sigm2 = (std(record_x) + std(record_y))/2; 
end 
sigm = sigm'; 




hdf5name = 'lab.hdf5'; 
start_frame = 0; 
end_frame = 63; 
distance_threshold = 15; 
dot_threshold = 2; 
same_dot = 1.5; 
back_frame_numer = 0; 
frame_per_second = 10; 
frame_interval = 2; 
interval_per_frame = 2; 
  
index = 1; 
scale = 4; 
sigma = 2; 
sigma2 = 16; 
imwidth = 512; 
imheight = 512; 
weight = 50000; 
im_ori(1:imheight*scale,1:imwidth*scale) = uint16(0); 
im_out(1:imheight*scale,1:imwidth*scale) = uint16(0); 
  
v = VideoWriter('newfile.mp4','MPEG-4'); 
v.FrameRate = frame_per_second; 
v.Quality = 100; 
open(v); 
  
index = 1; 
for k = [start_frame, end_frame] 
    group_name = sprintf('/fr_%d',k); 
    xdata_name = sprintf('%s%s',group_name,'/x'); 
    ydata_name = sprintf('%s%s',group_name,'/y'); 
    xdata = h5read(hdf5name,xdata_name); 
    ydata = h5read(hdf5name,ydata_name); 
     
    xdata = xdata * scale; 
    ydata = ydata * scale; 
    for j = 1:length(xdata) 
        xx = floor(xdata(j)); 
        yy = floor(ydata(j)); 
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        x_low = max(1,xx - floor((sigma2 - 1) / 2)); 
        x_high = min(xx + floor(sigma2/ 2),imwidth * scale); 
        y_low = max(1,yy - floor((sigma2 - 1) / 2)); 
        y_high = min(yy + floor(sigma2/ 2),imwidth * scale); 
        im_ori(y_low:y_high, x_low:x_high,index) = im_ori(y_low:y_high, 
x_low:x_high) + weight * 5; 
    end 
    index = index + 1; 
end 
  
img = f_imcolor(im_ori(:,:,1),'g') + f_imcolor(im_ori(:,:,2),'m'); 
clear('im_ori'); 
image(img); 
[x, y] = ginput(4); 
ax = x(3); 
ay = y(3); 
bx = x(4); 
by = y(4); 
left = x(1); 
up = y(1); 
right = x(2); 
down = y(2); 
 
img_enlarge = img(ay:by,ax:bx,:); 
image(img_enlarge); 
[x, y] = ginput(2); 
ax1 = x(1); 
ay1 = y(1); 
bx1 = x(2); 
by1 = y(2); 
dx = (bx1-ax1)/(end_frame - start_frame); 
dy = (by1-ay1)/(end_frame - start_frame); 
rr = 0; 
cc = 0; 
single_color = 0; 
imdex = 1; 
  
im_ori(1:imheight*scale,1:imwidth*scale) = uint16(0); 
im_out(1:imheight*scale,1:imwidth*scale) = uint16(0); 
im_record(1:down - up + 1,1:right - left + 1,interval_per_frame) = uint16(0); 
record_x = []; 
record_y = []; 
for i = start_frame:end_frame 
    %input data 
    group_name = sprintf('/fr_%d',i); 
    xdata_name = sprintf('%s%s',group_name,'/x'); 
    ydata_name = sprintf('%s%s',group_name,'/y'); 
    xdata = h5read(hdf5name,xdata_name); 
    if isempty(xdata) 
        continue; 
    end 
    ydata = h5read(hdf5name,ydata_name); 
  
    % delete background dots 




    clear_bk_x = mod_coor(1,:); 
    clear_bk_y = mod_coor(2,:); 
    record_point = clear_bk_x > ax & clear_bk_x < bx & clear_bk_y > ay & 
clear_bk_y < by; 
    record_x = [record_x clear_bk_x(record_point)]; 
    record_y = [record_y clear_bk_y(record_point)]; 
     
    if i == start_frame 
        mod_x = clear_bk_x; 
        mod_y = clear_bk_y; 
        Ndots_record(i+1) = length(clear_bk_y);  
    else 
        j = (max(i-back_frame_numer, start_frame): i-1) + 1; 
        Ndots = sum(Ndots_record(j)); 
        low_limit = length(mod_x) - Ndots + 1; 
        up_limit = length(mod_x); 
        back_frames_x = mod_x(low_limit:up_limit); 
        back_frames_y = mod_y(low_limit:up_limit); 
        x_disp = clear_bk_x - back_frames_x'; 
        y_disp = clear_bk_y - back_frames_y'; 
        displacement = sqrt(x_disp.^2 + y_disp.^2); 
        pair_record = uint16(displacement < same_dot); 
        x_record = sum(pair_record); 
        x_record = ~x_record; 
        clear_bk_x = clear_bk_x(x_record); 
        clear_bk_y = clear_bk_y(x_record); 
        Ndots_record(i+1) = length(clear_bk_y); 
        mod_x = cat(2,mod_x, clear_bk_x); 
        mod_y = cat(2,mod_y, clear_bk_y); 
    end 
     
    single_ori(1:imheight*scale,1:imwidth*scale) = uint16(0); 
    single_out(1:imheight*scale,1:imwidth*scale) = uint16(0); 
    for j = 1:length(clear_bk_x) 
        xx = floor(clear_bk_x(j)); 
        yy = floor(clear_bk_y(j)); 
        x_low = max(1,xx - floor((sigma - 1) / 2)); 
        x_high = min(xx + floor(sigma/ 2),imwidth * scale); 
        y_low = max(1,yy - floor((sigma - 1) / 2)); 
        y_high = min(yy + floor(sigma/ 2),imwidth * scale); 
        single_out(y_low:y_high, x_low:x_high) = single_out(y_low:y_high, 
x_low:x_high) + weight; 
    end 
     
    xdata = xdata * scale; 
    ydata = ydata * scale; 
    for j = 1:length(xdata) 
        xx = floor(xdata(j)); 
        yy = floor(ydata(j)); 
        x_low = max(1,xx - floor((sigma - 1) / 2)); 
        x_high = min(xx + floor(sigma/ 2),imwidth * scale); 
        y_low = max(1,yy - floor((sigma - 1) / 2)); 
        y_high = min(yy + floor(sigma/ 2),imwidth * scale); 
        single_ori(y_low:y_high, x_low:x_high) = single_ori(y_low:y_high, 
x_low:x_high) + weight; 
    end 
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    rr1 = int16(rr); 
    cc1 = int16(cc); 
    single_out = imtranslate(single_out,-[cc1,rr1]); 
    single_ori = imtranslate(single_ori,-[cc1,rr1]); 
    single_color = single_color + f_imcolor(single_out,'w'); 
     
    if mod(imdex,frame_interval) == 0 
        single_color = single_color(up:down,left:right,1); 
        im_record = circshift(im_record,1,3); 
        im_record(:,:,1) = single_color; 
        im_video = uint16(sum(im_record,3)); 
        im_video = f_imcolor(im_video,'w'); 
        writeVideo(v,uint8(im_video/256)); 
%         im_name1 = sprintf('zz%d%s',imdex,'.tif'); 
%         imwrite(single_color, im_name1); 
        single_color = 0; 
    end 
    im_out = im_out + single_out; 
    im_ori = im_ori + single_ori; 
    rr = rr + dy; 
    cc = cc + dx; 
    imdex = imdex + 1; 
end 
  
out_dot(:,1) = record_x; 






APPENDIX B.    AQUATIC SYSTEM MAINTANANCE 
The majority of projects in this dissertation use fish keratocytes as cell models. 
Therefore, it is crucial to well maintain the aquatic system for the health of fish and the quality of 
keratocytes. In this appendix, several aspects of aquatic system maintenance will be briefly 
introduced, including fish feeding, tank lighting and filter, water quality maintenance and 
treatment of with white spot disease (Ichthyophthirius multifiliis). All the maintenance parts are 
based on goldfish (Carassius auratus), the fish in our lab. 
Fish Feeding 
We used the most common commercial goldfish flakes (TetraFin or Aqueon goldfish 
flakes) to feed the fish once or twice a day. The amount of food was not weighted but the 
standard is that fish should eat most of the added flakes within 2 minutes. 
An autofeeder is recommended to save time for feeding and also for situation when the 
whole lab should be out for several days. 
Tank Choice 
It is recommended to choose a tank with LED light on the cover and a tank filter system. 
The lighting of the tank is important for both the fish and aquatic plants, if any, in the 
aquatic system. LED on the tank cover is used as light source and a plug-in mechanical timer is 
used to control the lighting time. Usually the light is on for 4 ~ 8 hours daily.  
Aquatic lighting can cause algae growth in the tank. However, algae are usually harmless 
to fish. Monthly cleaning can be performed if desired. 
An aquatic filter is needed to get rid of most of the debris. It is also crucial to maintain 




Water Quality Maintenance 
As goldfish live in water, water quality is crucial to their health and survival. The 
important parts of water quality are: pH, ammonia level, nitrite and nitrate level. We use the 
commercial reagent (API Master Test Kit) to test all these levels. If any of the parameter exceeds 
the recommended level, treatment (usually water change) is needed to improve water quality.  
 Goldfish can tolerate a wide range of pH level but they are sensitive to a sudden change 
of pH level. Most of the time, pH level is stable around 7.2 and nothing special needs to be done 
to keep the pH level. 
Ammonia is the waste from fish. Nitrite and nitrate are derivative of ammonia. It is 
believed that Nitrosomonas breaks down ammonia to produce nitrite, and Nitrobacter breaks 
down nitrite to produce nitrate. Ammonia and nitrite are highly toxic to goldfish while nitrate is 
only mildly toxic. Therefore, a microbe system should be developed to consume ammonia and 
nitrite and produce nitrate, especially for a new tank. The most common way is to introduce 
water from another tank with microbe system established. Commercial product is also available 
to introduce microbes for nitrogen consumption. The main approach to remove nitrate is water 
change. Aquatic plants help consume nitrate but they cannot substitute water change.  
A regular water maintenance with weekly ¼ water change is recommended. Regular tap 
water can be used but the water should be stored in an open container at least 1 day before the 
water change to get rid of chloride in water. During water change, an electrical or manual aquatic 
vacuum is needed to clear food fragments and fish excrement. 
Treating white Spot Disease 
White spot disease is a common disease on fish, especially when new fish are introduced 




The treatment begins with slowly increment of the water temperature (1 ºC every hour) 
with an aquatic heater to 30 ºC while using air pump and air stone to keep the water oxygen 
level. Then keep the temperature for 10 days even if the white spots disappear in a few days. 
During this period, do ¼ water change every 2 days. After 10 days, the disease should be cured 
and water temperature can be slowly decreased to normal.  
